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analytical methods the separation of uric acid (and possibly other 
substances) from the acid investigated was not accomplished.! It 
cannot be assumed that kynurenic acid completely replaces uric acid 
in the urine of the dog, inasmuch as the experiments of Solomin? 
have shown that both acids may occur together under appropriate 
conditions, and our own experience leads to a similar conclusion. 
Solomin found that although the uric acid nitrogen (determined by 
the Ludwig-Salkowski method) forms only a very small fraction of 
the total nitrogen excreted, the quantity of uric acid estimated per 
kilo of body weight may be as large as 0.01 gram, which corresponds 
with the average uric acid output per kilo in man. In the case of 
dogs in nitrogenous equilibrium, numerous experiments in this labo- 
ratory have given a considerably smaller excretion (0.003-0.004 
gram per kilo). The higher figures obtained by Solomin are per- 
haps attributable to the rather large quantities of proteid fed.* 
Regarding the immediate origin of kynurenic acid, little of a posi 


tive character is to be found in physiological literature. Its close 


relation to the dict, and its ready production after the ingestion of 


meat, have frequently been pointed out. Thus Schmidt? believed 
to have found kynurenic acid excretion to be greatest after feeding 
Idins 


meat, and least witha bread diet, a milk dict yi intermediate 


results. His figures for the various dietaries are, however, by no 
means comparable, since the quantitics of the typical foodstutts 
ingested in the three periods were not at all equivalent.6 The 


experiments of Schmidt and of Rosenhain,’ planned to observe the 


1 Cf. for example, VorT and RIEDERER: Zeitscl 


2 SOLOMIN Zeitschr. f. physiol. Chemie, 189 


3 Cf. CHITTENDEN: Journal of physiology, (891, xii, p. 220. CHITTENDEN ant 


Ges: This journal, 1898, i, p. f. 

4 The daily diet of the 9-kilo dog consisted of meat, 400 grams; milk, 250 c.c.: 
and NaCl, to grams (/oc. c7¢. p. 498). Regarding the increase in uric acid excre- 
ion following the ingestion of proteid, cf. ScHULTZE : Arch. f. d. ges. Physiol., 1889, 


xlv, p. gor: HERTER and SmitH: New York medical journal, June 4, 1892: Hop- 
KINS: Schaeter’s Physiology, 1898, i, p. 594. 

ScumMipr: Ueber das Verhalten einiger Chinolinderivate im Thierkérper mit 
Riucksicht auf die Bildung von Kynurensaure. Inaugural-Dissertation. Ko6nigs 
berg, 1884. (Jatté’s laboratory.) 

® The dog was fed. (a) meat, 1 kilo, (4) milk, 2 litres, (c) bread, 1 pound, respec- 
tively, per day. 

ROSENHAIN Beitrage zur Kenntniss der Kynurensaurebildung im Thier 


korper. Inaugural-Dissertation, Konigsberg, 1856. (Jaffé’s laboratory.) Cf 


ilso, R. Coun: Zeitschr. f. physiol. Chemie, 1895, xx, p. 21 


7, Xili, p. 497 
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On the L:xcretion of Aynurenic Acid. 2 
possible production of kynurenic 1 from va 
tives ‘ introduced directly into the organism, ga t 
Che observatior f k nhain and ot Haa ba Gecl 
of from thirty to fiftv pet t ol vnuren ift 
administration of testinal antisept thvmol, napht 
lin) su ted a rection between intestinal putretact 
renic acid excretion Chet how itisfact 
Lil CNperimcn lal «l Ol 
position 1) min th nt tine, sin ho ita ! 1 i 
the direct action of the dru administered u t { \ 
tion and body metabolism it ns Quite | f 

ur experiments that the diminished ky1 | ret 
rved after naphthaiin administration, Xam] t tt ) 
uted to poorer absorption of the proteid ted. It may ) 
in this connection how many drug ntipyril tif - 
cvlates, alcohol, exert a direct influen: pon the luction of 
acta: and a rdingly similar specit ffects may been at 
+ \ » } } i 
‘periment \eain, Baumann ® obse1 la dimin 
ished excretion of kvnurenic acid in a do n which \ 
starving and repeated do of calomel had Intest fron 
putrefactive proces is shown by the absen f ether phat 
in the urine; while Haagen failed to find any decrea ren 
acid excretion after administering liu dl f 

| exerts a pronoun action upon th putreractiy n t 
intestine.t. In this connection we may point out that Nutt 
5 1 ] ] ] + +] ‘ ‘ 
Phierfelder? ha lately demonstrated th 

Oxvacidg in tissue metabolism, thev ha found thet: 

uring J animals which were entirely ft from a ict L. It 

ms desirable to emphasize the p1 ding facts be ( 

ments of [laagen have repeatedly been misinterpt nd qu 
evidence of the intestinal origin of kynurenic acid,” althou Ha 

r den | tluss der Darmt f e | } 
rensiure beim Hunde. Inaugural-Dissertat ry. 1 (Jat 
ratory.) 
3 BAUMANN: Zeitschr. f. physiol. mie, ISS6, x 131 
* Cf. MORAX: Zeit r. f. physiol. ¢ mie, 1886, x, | a 
NUTTALL and THIEKFELDER: Zeitschr. f. physiol. Chemis ) 
6 Cf. for example. HAUSE! Arch. f. exper. Pathol. u. rmak 
XXXVI, Pp. 3; also, NEUMEISTEI Lehr \ 
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has carefully avoided such an interpretation of his observations.! 
Finally, the experiments of Capaldi* have given additional evidence 
against the assumed intestinal origin of kynurenic acid. 

In considering the immediate antecedents of kynurenic acid tyro- 
sin is at once suggested. The behavior of this aromatic compound 
with reference to its possible synthesis to oxyquinoline-carboxylic 
acid in the body has been investigated by Hauser and Solomin,' 
both of whom failed to obtain evidence of any direct relationship 


between the two substances. 


Plan of present investigation. — The present investigation is an 
attempt to ascertain something more definite regarding the condi- 
tions which determine and modify kynurenic acid production and 
excretion. Unless otherwise stated, the data have been obtained 
with dogs. The animals were kept in suitable roomy cages which 
permit the separate collection of urine and faces, and stand in a 
light, well-ventilated space. It was not found necessary to resort to 
catheterization, since the periods of observation always extended 
over more than one day and the animals soon became accustomed to 
discharge their urine with considerable regularity The nitre n 
was determined in the urine and dict by the Kjeldahl method; sugar, 


when present, was estimated by titration with Fehling’s or Purdy 


solution,’ and kynurenic acid was found by the method of Capald 
which has proved very satisfactory The product thus obtained 
always responded to Jatté’s test’ and was crystalli ina few ! 
i very small quantity of an amorphous substance was precipitat 
p. 7 re, von I nn s 
der rensaure vo Ss Dear 
d eren U1 or viderleg 
Cf. ( ist es eif 
\nti esol hel ne Ver 
anicle 
HA \r exper. | ol : p. I 
Cf. J. Bisuore \ r n urnal, 1898, x 1 2¢ 
6 CAPALDI eitschr. f siol. S ( 
198 note) recovered by this t 99 per ce oO Io gram re uC ( 
to follo hig es show iverage ( slr a 
og’s uri containing small intitics ? 52 gran 72 cram 


* JAFFE: Zeitschr. f. physiol. ( m 1883, vil, p. 309 
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which failed to give the characteristic reaction. As an immediate 
test for kynurenic acid — in the urin the bromine water reaction, 
first recommended by Baumann,’ was frequently found uset 

Bromine, as is well known, usually gives an insoluble yellow precipi 
tate when added to dog’s urine, the composition of the precipitate 
depending upon the presence of phenol bodies, indol, or kynurenic 


acid. With a little experience it becomes easy to make u { tl 


reaction in judging the relative amounts of kynurenic a t 
latter ordinarily composes (as tetrabromkynurin~*) by far the eater 
part of the precipitate formed. 

Experiments on dogs For these experiments commercial c1 
dust containing as an average 1.46 per cent nitrogen wa rt 
large quantity and kept in glass-stoppered bottk This « 


the carbohydrate food fed The fat used was a od quality of 


practically free from nitrogen. The other foodstuffs used 
referred to in the protocol 

The following experiments demonstrate the formation of | 
renic acid after the ingestion of various protcids of both tab] 
and animal origin. The “ dog biscuit” used was a commercial pt 
aration containing dried meat, carbohydrates | ir-bect { tl 
albumin was commercial albumen e sanguine; the vegetable prot 
was crystallized edestin (phytovitellin) prepared from |] 
after the manner already described by one of t Witt 
“pepton” was the widely used product made up almost { 
proteoses (from fibrin) Che latter preparation conta 114 


Various investigators have demonstrated 
peptones may show caloric and nutritive values equivalent to t 
of the proteids from which they originat Several of 


} 


ments (B, C, D) show a characteristic excretion of kyvnurenic a 


after repeated feeding of proteoses (Witte’s “ pepton”). 


turbances of the gastro-intestinal tract (as with Somatos« p. 
were observed with this product. 
1 BAUMANN: Zeitschr. f. physiol. Chemie, 1577, f 
2 BRIEGER: Zeitschr. f. physiol. Chemie, rSSt, iv, | ) 
CHITTENDEN and MENDEL: Journal of phy OL ING4. X { 
4 J. Munk: Virchow’s Arch. f. d. exper. Pathologie, ex 


Cf. MunNK AND E-WALb: Die Ernahrun 


cent N. \ mixture of inorganic salts as 1 mmended by J. M , 
was daily added to the dict in experiment ¢ 
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Discussion of the preceding analytical data. — So far as has been 
observed, all aromatic compounds found in the organism of the 
higher animals are derived either from benzene derivatives intro- 
duced into the system, or from the proteids, which must accordingly 
contain aromatic radicals. A synthesis of the latter in the animal 
body from carbohydrates or fats scarcely seems probable in view of 
the accumulated experimental data bearing on the problem.! The 
present study of kynurenic acid excretion lends additional force to 
this view as applied to quinoline derivatives. Thus kynurenic acid 
is almost always found in the urine during starvation, a condition in 
which body proteids form the source of the nitrogenous compounds 
excreted. This observation, repeatedly made (¢. g. Dogs G, H, 
J, K), leaves little doubt that kynurenic acid is a true product of 
proteid katabolism, and for the most part, at least, is not dependent 
for its origin on the putrefactive processes in the intestine, —a 
possibility which has already been mentioned. 

Quantitatively considered, kynurenic acid production bears a more 
or less direct relation to the variations in the decomposition of pro- 
teid material, whether the latter be the ‘tissue proteid” of a starv- 
ing animal, or introduced as food and the kynurenic acid formed 
incidental to its metamorphosis. Moreover, our experiments furnish 
repeated evidence that kynurenic acid is a concomitant or direct 
product of accelerated proteid metabolism. There is no lack of 
evidence that the proteid molecule may break down in the body 
into a nitrogenous and non-nitrogenous portion. The former part 
is doubtless rapidly further broken down, oxidized and synthesized 
perhaps into various nitrogenous constituents of the urine. The 
non-nitrogenous moiety is less speedily eliminated. It may be 
converted into glycogen, or dextrose, or fat; and forming, as it 
does, the major part of the original molecule, it may be distributed 
to the tissues more slowly in proportion as they demand it.2. The 
experiments of Feder*® and of Reilly, Nolan and Lusk‘ indicate 
that most of the nitrogen of ingested meat is, on the other hand, 
eliminated within a few hours. It may be imagined, then, that 
kynurenic acid is one of the nitrogenous products derived from this 
rapidly eliminated nitrogenous radical of the original proteid; and 


1 Cf. BAUMANN: Zeitschr. f. physiol. Chemie, 1586, x, p. 123. 

2 Cf. REILLY, NOLAN and Lusk: This journal, 1898, i, p. 404. 
3 FEDER: Zeitschrift fiir Biologie, 1881, xvii, p. 541. 

4 REILLY, NOLAN and Lusk: c/t., p. 404 
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it scarcely seems unreasonable to assume that this acid rey t 


the metabolic end-product of quinoline-yielding radicals in the n 


cule.! In this connection it will be remembered that R. Coh vas 
able to obtain a pyridine derivative as a decomposition product of 
cascin, thus demonstrating the possible presence of the py1 
in the constitution of the proteid molecule. 

Granting conditions like those referred to, several probabilities are 


indicated. For example, it should follow that the extent of proteid 
katabolism going on should influence very largely the production of 


kynurenic acid. Our experiments with non-nitrogenous dict (fat and 


carbohydrate) are quite in harmony with this. [excessive proteid 
decomposition is avoided under such conditions, and kynurenic acid 
rapidly disappears from the urine. (Cf. Dog A,B.) Equally su 


gestive are the results obtained with a mixed dict contai 


small amounts of proteid. The protcid-sparing ettect of the other 
foodstuffs is here well brought out. In one animal (Dog A) an 
absence of kynurenic acid excretion during the first seven days of 
starvation was noted. The observation was an exceptional one, but 
perhaps not without significance, since the animal had an unusually 
well nourished appearance and the “ fat” condition was remarkably 
persistent even during the later days of starvation. We are inclined 
to attribute the results to the rather exceptional condition of the 
animal, since it is well known that the extent of nitrogenous kata 
bolism in inanition is modified in a pronounced way by the relative 
as well as absolute amount of body fat in the individual 
Kynurenic acid excretion has also been investigated in three do 

which were kept in nitrogenous equilibrium on a fixed dict of meat, 


fat, and carbohydrates. The animals were used in a research carried 


out in this laboratory on the influence of borax and boric acid on 
nutrition. Through the kindness of Dr. Gics we have obtained 


equivalent portions of each day’s urine and have examined t 


kynurenic acid, the fractions of each period being united an 


lyzed collectively. Further data are taken from the tables already 


published.‘ 
1 Cf. also KRETSCHY : Monatshefte fur Chemie, 1881, ii, 
2 R. Coun: Zeitschr. f. physiol. Chemie, 1896, xxii, 171 
8 Cf. Munk and EwaLp: Die Ernahrung, 1895, } 2-23. 


4 CHITTENDEN and GIES: This journal, 1898, 1, p. 1 
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FIRST EXPERIMENT. 


Nitrogen kK ynurenic 


balance acid. 


0.951 none 
Borax (5 grams) ... . 1.928 0.101 


SECOND EXPERIMENT. 


LO.11S 
2 grams) ; 1.506 


OUSU 


THIRD EXPERIMENT 


0.429 
O.SO] 
+-0.66] 
2.174 
2.122 
4.878 


0.66] 


It will be observed from the tables that the only periods during 
which kynurenic acid appeared in the urine were those in which 
administration of borax or boric acid gave rise to a direct stimulation 


of proteid metabolism. This is particularly brought out in the third 


(9 lays grams 
Nitrogen Uri kK ynureni 
PERIOD 
balance acid acid 

{10 days) grams 
Boric acid (1- 0.386 trace 
After 0.508 none 

Nitrogen Uric Kynureni 
PERIOD 1 
vance, aci icl 

vrams 
Norma 0315 none 
Borax (2-5 grams 0.293 
After O.74S none 
boric acid (1-3 gram 0.310 none 
After 0.354 none 
Borax (8 grams). 0.295 0.414 
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experiment, during which a daily dose of cight grams of b 


duced a nitrogen deficit of over four gram Uric acid, how 
continually present in the urine of the dogs employed; and t 

sults obtained are in harmony with the opinion that ky 

excretion is a phenomenon accompanyt pronounced st tat 
of proteid katabolism rather than = ordinary nditions of \ 


equilibrium. 


The gelatin experiments. Eckhard ! stated that after feedin 


tin to a dog he failed to find kynureniec acid in the urin | 


hain * likewise obtained no kynurenic acid after feeding 1 ind a 
half pounds of gelatin and six pounds of bread t la int 
course of a week. After a meal of one kilo of meat, | 
same animal excreted as much as 0.995 gram of kynure1 l 

ing the succeeding twenty-four hour No data are presented to 


] 


show that the gelatin Was absorbed satisfactorily. 


The results obtained with gelatin feeding in the present investiga 


tion afford an interesting confirmation of previou observat 


The experiments of J. Munk’ have shown that in d ( rt 
thirds of the required proteid of the diet may be replaced by gelat 


with maintenance of nitrogenous cquilibrium. Gelatin 


proteid-sparing action like a typical non-proteid food. Lusk and 


co-workers have recently shown that clatin lik tl proteid 


proper — may yield sixty per cent of sugar in the metab 

it undergoes in the body, as was evidenced by the amount of 
excreted when the albuminoid was fed to a fasting animal in 

rhizin diabetes. Gelatin differs chemically from the ordinary prot 

in that tyrosin has not been found among its decomposition | |- 


4 


ucts.4 The absence of tyrosin is suggestive of a deficiency in aro- 


1 ECKHARD: Ann. Chem. Phar 856, x 
2 ROSENHAIN: Beitrage zur Kenntniss der kK rel ur dung i hier 
korper. Inaugural-Dissertatior Konigsberg, 1886, p. 8. 
J. MuNK: Are f. d es. Physiol., 1Sq4. Iviii, p. 309 
# HALLIBURTON : Schaefer’s Physiology, 1898, 1, p. 71. It may be adde 
K. B. Lehmann failed to accomplish proteid nthesi I 


with gelatin and tyrosin (Sitzungsber. d. morphol.-physiol. G } 


chen, ro Marz, 1885). Contrary to the current statements, cf. NEUMEISTE Lehr 
buch der physiol. Chemie, 1897, p. 63, pure gelatin gives a reaction with M 

reagent which may perhaps be due to a far smaller proportion of aromatic r cals 
than is present in ordinary proteids See VAN NAMI | 1 of experimental 


medicine, 1897, ii, p. 128 


readily digested and burned in the body, and has a pi 
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( itin l to mall dl I 
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0.015 gram kvnurenic acid | 


that on a single day. Moreover, 
the nitrogen determinations in the 
urine (cf. Dog H) rive 
evidence of a ready absorption ! 
the gelatin ingested; while the « 
periments including simultane: 


feeding of typical proteid 


= 4 (Cf. Dogs E, F.) Out of 905 gra 

~ ~ i~ ~ i~ i~ i~ 
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casein and albumin with the gelatin show that the latter exercises no 
specific action in preventing kynurenic acid excretion when sufficient 
proteid is given along with it. Indeed, the behavior of gelatin pre- 
cisely resembles that of the carbohydrates and fats. These experi- 
ments considered in connection with Lusk’s observations indicate 
that the essential physiological peculiarities of gelatin are to be 
sought in the chemical structure of the x7zfregenous portion of the 
molecule; and the failure of the albuminoid to give rise to kynurenic 
acid in the dog is doubtless associated with the lack of certain aro- 
matic radicals in its make-up. Lastly, attention is directed to the 
ready assimilation of crystallized vegetable proteid (Dog C), and to 
the evidence offered of the close phy siological relationship between 
the animal and vegetable products, despite minor differences in 
chemical structure.! 

Phlorhizin experiments. —In confirmation of the view that kynu- 
renic acid excretion is incidental to excessive proteid katabolism, 
additional experiments on animals suffering from phlorhizin diabetes 
are presented. It has been shown that under these conditions sugar 
production goes on in the fasting animal directly at the expense 
of tissue proteid, the amount of nitrogen in the urine going parallel 
with the amount of sugar excreted; * and the sugar excretion may 
thus go on even in the absence of glycogen in the liver? Lusk # 
and his co-workers have shown that in the fasting dog a constant 
ratio of dextrose to nitrogen excreted is maintained during phlorhizin 
diabetes (D: N:: 3.75: 1), and that feeding meat or gelatin does 
not change the ratio. The figures indicate a production of about 60 
grams of dextrose from 100 grams of proteid, and it has furthermore 
been found that in this form of diabetes the proteid metabolism 
may increase to an extent as high as 560 per cent above that in 
simple inanition. Tables J] and K show the extent of kvnurenic acid 
production observed on two fasting dogs during phlorhizin diabetes. 
The phlorhizin, dissolved in dilute sodium carbonate solution, was 
introduced subcutaneously about every eight hours. Water was 
given ad libitum. 

1 Cf. RUTGERS: Zeitschrift fiir Biologie, 1888, xxiv, p. 351. 

* Cf. for example, CREMER u. RITTER: Zeitschrift fiir Biologie, 1893, xxix. 


8 THteL: Arch. f. exper. Pathol. and Pharmakol, 1887, xxiii, p. 142. Cf. also 
HEDON : Comptes rendus de la soc. de biologie, Paris, 1897. (10), iv, p- 60. 
* RetLty, NOLAN and Lusk: This journal, 1898, i, p. 395. 
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Here again the production of kynurenic acid during fasting is 
observed. Coincident with the appearance of the sugar in the urine 
occurs a rise in nitrogen excretion accompanied likewise by an 
increase in kynurenic acid. The figures become more striking when 
the daily averages of the period preceding and succeeding the 
phlorhizin days are presented in contrast. 


The increased output of kynurenic acid attending the large in- 


crease in proteid katabolism (over that in inanition) thus justifies the 


emphasis placed upon the close relationship between these factors. 
Owing to less” careful 
conditions of experiment 


(lack of catheterization, 
etc.) the ratio of dextrose 
to nitrogen is somewhat 
lower than that found by 
Lusk. Inthe experiment 


on Dog K the ratio is 


higher. In this animal 
sugar persisted in the 


urine for several days 


after the phlorhizin inje« 


tion. The ratio of dex 
trose to nitrogen during 
FIGURE I 

the phlorhizin days was 
Doc K. The abscissz represent the successive days of as 2.68: 1. The other 

the experiment; the ordinates of the unbroken line ; 
phenomena observed re- 

represent grams of N excreted, those of the broken 

line represent milligrams of kynurenic acid semble those of the pre- 


ceding experiment, name- 
ly, increased kynurenic acid excretion accompanying stimulated pro 


teid decomposition,! as shown in the curves of Fig. 1. 


Amy] nitrite experiment. The production of diabetes in the dog 
by means of amyl nitrite has been demonstrated by a number of 
investigators.2. We have also studied the action of this drug in the 
case of a dog. The 10-kilo animal had been fed three days on a 
diet consisting of albumin, 1§ grams; carbohydrate, 50 grams; fat, 
40 grams; —under which conditions nothing more than traces of 

1 In the case of one dog which excreted no kynurenic acid during six days’ 


starvation we were unable to get similar results with phlorhizin. 


2 ARAKI: Zeitschr. f. physiol. Chemie, mgi1, xv, p. 553. The older literature 


is referred to here 
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kynurenic acid were found in the urine. On t fourth day 
animal rec ed three subcutaneous injection f ami trite (a t 
6 c.c. bein ven in all). By the t \ day t va 

The urine (128 « ) removed from the bladder « 

urenic acid cram ul nt, a th 

to nitr 1 was found as 7.4: 1 Pra f alb 

in agrecment with observation f At | 

trose to niti en indicat that th I 

origin wh 1 proteid decomposition, 1 t to b d 
under th conditions (p ious” fee etc.) 

shown that amyl nitrite fa to produce charact tic 

hens, although phlorhizin is ettecti n th animals. Amy 
diabetes is therefore doubtl of a distinctly different. ty { 


that produced by phlorhizin; at any rate the absen of 
acid in the urine in our single experiment corresp lc with t 


slight evidence of proteid katabolism obta 


Experiments on other animals So far as we are aware, n 
succeeded in finding kynurenic acid in the urine of any at 


than the dog. Hofmeister,’ after careful examination, failed t 


it in human urin It has likewise been found 1 ne int 


milk diet, but always with negative 1 Its. In view of tl 

of our experiments regarding the formation of kynurenic aci 

dog from body proteids during inanition, ral rabbit 

for varying periods (three to five days) and the urine tl 

No kynurenic acid was found. Lastly the urine of man has been 
examined in wasting diseases (severe diabetes ) thout 


Hauser® and Solomin* have observed that kynurenic acid int: ( 


ARAKI: Zeitschr. f. physiol. Chen 91, XV, Pp. 
is referred to here 
2 THIE!I \rc f. exper. Pathol Phar kol.. 1 
HOFMEISTER: Zeitschr. f. physiol. Chemie, 1 \ ( I 
before. had missed it in human urine ; see Ann. Cher | ! 
ScumiptT: Ueber das Verhalten ver ( nol | 
Riicksicht auf die Bi ing ire iu I rtat 


CAPALDI: Zeitschr. f. physiol. Chemie, 1897. xx 
Hauser: Arch. f. exper. Pathol Pharmal xy 


of the rabbi © for kynurenic 
in the urine of tl cat durin Nanition rine on t 
berg, 1884. 
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into the organism of man, rabbit, or dog is in good part destroyed 
(especially in the case of the first two), it may be, as Solomin sug- 
gests, that kynurenic acid is absent from human and rabbit's urine 
not because it fails to be produced, but rather because it is destroyed 
in these organisms as rapidly as it is formed. 

Theoretical considerations regarding the quantity of kynurenic acid 
obtainable. — That the absolute amount of kynurenic acid produced 
at any time should be large is scarcely to be expected. If, as the 
experiments of Lusk and his co-workers have indicated, the proteid 
molecule yields on cleavage in the body an amount of sugar equal to 
nearly 60 per cent, there remains ‘a nitrogen-containing radical in 
which the carbon and nitrogen would appear in the atomic ratio of 
2.2 of C to 1 of N.”' Now kynurenic acid, CyH;NO;, contains 
10 of C to 1 of N; obviously the nitrogenous proteid radicals 
could not yield large quantities of a body of the composition 


indicated. 


Summary. —- Kynurenic acid is a direct product of proteid kata- 
bolism, and, as Baumann’s experiments indicated, does not owe its 
immediate origin to putrefactive changes in the intestine. 

Kynurenic acid excretion accompanies accelerated proteid decom- 
position, whether this condition be brought about by starvation, 
ingestion of large amounts of proteid food, or through the action of 
drugs (borax, phlorhizin). 

Similar results follow the ingestion of both animal and vegetable 
proteids, as well as proteoses; gelatin, however, does not give rise to 
kynurenic acid in metabolism, acting precisely like the carbohy- 
drates in this respect. In conditions of ordinary nitrogenous equili- 
brium or under the influence of proteid-sparing foods, kynurenic 
acid excretion is greatly diminished or absent. 

The observations suggest the presence of quinoline-like radicals in 
the proteid molecule; the existence of a large carbohydrate group is 
also confirmed. 

Uric acid and kynurenic acid may occur together in dog’s urine, as 
Solomin has found. Kynurenic acid is absent from the urine of the 
cat during fasting and proteid feeding, and is not found in the urine 


of the rabbit during inanition. 


1 REILLY, NOLAN and Lusk: This journal, 1598, i, p. 409. 
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“THE effect of previous fatigue upon the process of 1 r mort 
was first investigated by Brown-Sequard HI tated that 
when one leg of a rabbit was removed immediately after ce 


stimulated with a constant current, it stittened in ten minut rea 
the other leg did not enter into rigor for five hours. N 
a similar result in the isolated muscle of cold-blooded anin if 


fatigued one gastrocnemius of a frog either through strychnia | 


ing, or through electrical stimulation of the sciatic nerve tor fift 
minutes. A record was taken by the graphic method of the pr 
of rigor in both muscles, and it was found that the tetanized 
entered into rigor about sixteen hours sooner than the normal 
cle; also that the whole amount of shortening in the fatigued 
was about one-third less than it was in the muscl vhich had not 
been fatigued 
Both Brown-Sequard and Nagel obtained their 1 { t 
of experiments undertaken with the object of termin t 
ente of the central nervou ystem upon 1 t 
not, apparently, consider the relation of tl] t 
» the q tion of the direct influence of th f 
the muscle. The present investigation was undertal 
determine whether the effect of faticu On 1 rm ( 
and this point having been decided in the affirmat , tl 
ments were continued with the object of ascertaining, if possib t 


what changes in the fatigued muscle itself the modification - 


by fatigue is due. 

BROWN-SEQUARD: Gazette medica Par 184 i. 9O9 
M. BIERFREUND: Arcl | 

NAGEL, W Experimentelle U nterschur her « | tarr | t 
bliter v. f. d. ges. | , 1 279 
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I. DESCRIPTION OF METHOD. 


The experiments were conducted entirely upon frogs. Most of 
the observations were made upon heat rigor, from motives of conven- 
ience, although in order to establish beyond doubt that the results 
obtained in this way could justifiably be applied to the normal pro- 
cess a few experiments were performed in which rigor was allowed to 
come on in the usual manner. In every instance the results were re- 
corded by the graphic method. The brain and spinal cord of the 
frog were first destroyed. After this the tendons of both gastroc- 
nemil were freed beneath the skin, and both sciatics were exposed. 
The frog was now fastened on a board and a hook passed through 
one of the tendons by means of which the muscle was connected with 
a lever that recorded the curve of fatigue upon a revolving drum, 
This lever carried a weight that varied from five to fifteen grams, 
according to the size of the frog. The muscle was fatigued by stimu- 
lation of the sciatic nerve with an ordinary induction coil. Simple 
breaking shocks were thrown into the muscle at intervals of four 
seconds by means of a Baltzar drum. It was occasionally found 
desirable to increase this rate of stimulation when it could be done 
without inducing symptoms of tetanus. During the stimulation the 
secondary coil of the induction apparatus was at first placed as far 
from the primary coil as was possible consistently with the production 
of maximal contractions; but after symptoms of exhaustion appeared 
with the coil in this position it was brought gradually nearer until 
finally complete fatigue with discontinuous stimuli was obtained with 
the secondary coil over the primary. One Edison-Lalande cell was 
used in the primary circuit. The time required for complete fatigue 
varied from one to four and a half hours; during this period the 
nerve was kept covered with a tent of filter paper wet with normal 
saline solution, and was also moistened from time to time with the 
same liquid. When the muscle failed to give any further response 
to stimulation the frog was taken down and both gastrocnemii mus- 
cles removed, the kneejoint and a portion of the femur remaining 
attached to the muscle. Each gastrocnemius was now placed in an ap- 
paratus especially adapted for this experiment. It consisted of a cylin- 
der about three and a half centimetres in diameter, within which was a 
second cylinder of the same length but much narrower. The lower 
end of the outer cylinder was closed by a cork, into the middle of 


which the inner cylinder fitted, and the space between the two was 
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filled with water. A glass tube, open at one end and sealed at th 
other, was inserted by it open end into the cork with which the outer 
cvlinder was closed. This tube was twenty centimet! in leneth, and 
was bent upon itself so that it projected from the apparatus at an ob- 
tuse angle. As the tube communicated by its open upper end with 
the water-filled compartment between the two cylinders, it is, of 
course, itself filled with water; and when a Bunsen burner was placed 
under the closed lower end the heat was transmitted by convection 
currents to the volume of water abov Phe inner cylinder men- 
tioned before was closed at its lower end by a rubber stopper 
through the middle of which passed a narrow glass tube, and its toy 
was covered by a closely fitting hard rubber cover. When a few 


cubic centimetres of water were placed in the bottom of this cylinder 
it became a perfect moist chamber heated by the surrounding waters 

the temperature within it was recorded by a thermometer which 
passed through the cover. In this moist chamber the muscle wa 

suspended, the femur to which it remained attached being screwed 
into a socket in the cover specially intended for this purpos« lo 
the hook inserted in the tendon of the muscle was attached a thread 
that passed to the exterior through the glass tube in the lower end of 
the moist chamber. This string was connected with a light alu- 
minium lever carrying a weight of one gram, an amount just suffi- 
cient to keep the lever steady. When the two muscles were securely 
in place, each in its own moist chamber, the two pens at the ends of 
the levers were adjusted so as to write one above another on a drum 
revolving at the rate of once an hour. With care and close attention 
it was found possible to elevate the temperature of the two moist 
chambers with very nearly the same rapidity. The application of 
heat by means of the Bunsen burner was continued not only up to 
the point at which rigor appeared, but afterwards, until the muscle 


gave no further sign of contraction. 


IT. EFFECT OF FATIGUE UPON RIGOR MOorrTIS. 


When the two muscles, one of which had been fatigued, were 
heated the following results were obtained. The heat rigor appeared 
from 5° to 13° C. earlier in the fatigued muscle, the majority of 
cases showing a difference of not less than 10 ( The rigor was 
usually complete at nearly the same temperature in both muscle 


The whole amount of shortening in the fatigued muscle was one 
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half to one third less than in the normal muscle. These differences 
manifest themselves very plainly in a comparison of the tracings 
taken from the two muscles. An example is given in the accom- 
panying illustration of curves plotted from one of the records. 

Che results of twelve experiments are given below in tabular 
form. Ll our others showed the same general characteristics, although 
the records were not sufficiently accurate for tabulation. It may be 
added that several experiments of the same kind performed by the 
writer in the physiological laboratory of Bryn Mawr College before 
the present investigation was begun, agree entirely with the later 


results. 


FicureE t. One half the original size. Curve of heat rigor in: a,the normal muscle; 4, the 


fatigued muscle. 


In order to determine whether the inferences drawn from the 
effect of fatigue upon heat rigor could justifiably be applied to 
rigor occurring in the usual manner, an experiment was performed 
in which after one gastrocnemius muscle was completely fatigued 
rigor was allowed to come on in both muscles at the temperature 
of the room, which was 20° to 23° C. In the normal muscle rigor 
began in about twenty-two hours, and was complete in about fifty- 
one hours; in the fatigued muscle it made its appearance in one 
hour and was complete in six hours. The whole amount of short- 
ening in the fatigued muscle was one third less than in the other. 
This result coincides exactly with those obtained by the application 


of heat, and was confirmed by several other experiments of a 


similar character. 
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the circulation by a ligature tied tightly around the thigh. The other 
muscle was then irrigated by placing a cannula in the aortic arch of 
one side and ligating: all other branches. Thus the entire animal 
Was irrigated with the exception of the head and lungs and the ex- 
cluded leg. The success of the irrigation in the gastrocnemius 
muscle was usually indicated by the amount of cedema exhibited. 
rom five hundred to a thousand cubic centimetres of liquid were 
used at a time. 


four experiments in which the fatigued leg was washed out with 


normal salt solution for a period of time varying from fifteen minutes 
to two hours showed no restoration of the normal rigor. Two other 
experiments in which Ringer’s solution (NaCl, 0.7%, 100 c.c.; KCI, 
1%, 3 c¢.c.; CaChL, 1%, 2.6 c.c.) was substituted for the saline solu- 
tion, gave the same result. In one of the latter the method was 
slightly varied by fatiguing both legs and then irrigating one of 


them, the other fatigued leg serving in this case as a control. 


TABLE I] 
ation after fatigue with solution of 0.5 per cent NaCl, or with Ringer’s solution 
ymplete. tenin Remarks 


1mm 
degree degree 


Irrigation with sodium carbonate.— As the appearance of fatigue 
in worked muscle seems to be connected with the formation of acid 


products during contraction, it seemed desirable to ascertain whether 


Irrig 
No 
I Normal if +3 21 
Fatigue Irrigation 0 10 ) 
Il Normal $3 
Fatigue Irrigation 29 $5 26 | 
Ill Normal 35 +] 
Fatigue Irrigatio 26 39 | 
IV Normal x7 38 
Fatigue Irrigation 27 $3 33 
V Normal +0 +2 59 Ringer's lution 
Fatigue Irrigation . 32 $2 +3 
Vi Fatigu 27 +] 22 Ringer’s solution 
Fatigu Irrigation 28 +2 22 Both legs fatigue 
one leg irrigate 


Modification of Rigor Mortis resulting from Latigu + 


the normal rigor could be restored in a fatigued muscle by 1 tion 
with a feebly alkaline solution. The mu is therefor 

out with norm lin ion conta 5 1 Na, CO 
to 100 cubic centimetre ol qt It i\ ) t it 
these experiments proved the least satistact f t 

tigation. The difficulty of washing out the blood 

alkaline solution is very great, for the alkali ha t 

to constrict them, so much so that it wa metimes iM] ) 
induce the circulating fluid to fl it all after t 
to 300 cubic centimetres n under hi 


experiments of tl 
as to Whether the fatigued muscle was, or was not 


out. In seven out of eight experimen 


of fatigue, althou 
tabl the amount of shortening was very nearly tl ime it 
muscles. In the remaining experiment, number cight, thes 

to be a partial restoration of the normal curve; but it P )] 
lis case the apparent restoration may be t t of 
incomplete fatigue of the musck lwo additional experiment 
given in which both muscl vere fatigued and one of them irrigat 

In one of these, number nine, the irrigation had, practically, no 


results. In the other, number ten, the muscle wa 


Ringer’s solution, to which was added the usual percenta f 
sodium carbonate. This was done in hop that t pot 

salts contained in it might by their relaxin fect 1 th 
vessels counteract the oppo influence of t ilka 1] hy { 
esis proved correct, for eight hundred cubic centimett ra 


solution were circulated through the | without difficulty Thi 
result showed a very slight increase in the amount of shorteni n 
the irrigated muscle, but there was no other eviden { torat 
and the two curves were practically the sam 

Irrigation with acids \s the results obtained by irrigation with 
an alkali were not entirely conclusive, owing to the difficulty of 
irrigation, it was decided to attack the question from the other end, 
and ascertain whether washing out a normal musck th an acid 
solution would induce the modification of rigor which occurs after 
fatigue. One leg was therefore ligated and 


of the other side irrigated with sodium chloride solution containin 


was compared with the one which had been fat 1 and t 
the curve of rigor in the fatigued muscle retained t huract t 
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rABLE III. 


Irrigation after fatigue with normal saline solution containing 0.03 per cent N g™ 


2= per cent lactic acid [wo experiments of this kind show 


that rigor in the irrigated 


muscle not only did not set in earlier than 
in the other muscle, but that its ap] 
There was no difference in the amount of shot 


muscles. Two experiments in which acetic acid wa ibstituted for 


lactic gave the same result. As these four experiments are quit 


rigor is not due to the influence of increased acid production during 
contraction 

Irrigation with carbon dioxide One experiment in which th 
muscle was irrigated for thirty minutes with saline solution satu- 


rated with carbon dioxid CAV e absolutely negative resul 


Rigor Rigor Amount of 
No begun. | complete. shorteni 
mm 
degree degree 
I Normal 35 39) 
Fatigu Irrigation 26 +] 
I] Norma 7 +4 
Fatig Irrigation ) 
II] Norma }? ) 
Fatigue Irrigation }? 
Normal 32 +4 7 
Fat Irrigat ! +() 
V Normal 37 }2 0 
VI Norma 29 10) ) 
Fatigu Irrigation | 
VII Norma 37 13 | 
Kati Irrigat ; }2 
VIII Norn 13 
Fatigu Irrigat 35 »? 
IX Fatigue }? 
Fat Irrigation . ) 
X Fatigu J }? y 
Fatigue Irrigation 13 ) 
positive it seems justifiable to conclude that the effect of fatigue on 


i 
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au 
ne 
] 
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extract of fatigued 


muscle 


fait 
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due to the accumulation of waste products other than carbon dioxide 
llowin 


or lactic acid. In order to investigate this question the fo g 
experiment was made. The lower extremitics of two very large 
frogs were completely fatigued; all the muscle tissue was at one 
removed and extracted with seventy-five cubic centimetres of normal 
saline solution at 45° C. for about thirty minutes. A medium sized 
frog was placed completely under the influence of curare, after which 
a ligature was tied around the right leg, and the left leg irrigated with 
the saline extract at short intervals for about half an hour Phis 
method is precisely similar in its details to that given by Ranke in 
his work on /efanus, and the passage of the fluid through the blood 
vessels was accompanied by all the symptoms which Ranke describes, 
namely, general twitching of the muscles, loss of direct irritability 
in them, and arrest of the heart-beat. At the end of irrigation the 
direct irritability of both muscles was carefully tested, and found to 
be almost completely abolished in the irrigated muscle, although it 
remained normal in the other. It was confidently expected that 
after such indications of the effect of the irrigation upon the whole 
organism some modification of rigor would ensue; on the contrary, 
it was found that the heat rigor pursued its normal course in both 
muscles, the only difference being that the amount of shortening in 
the irrigated muscle was somewhat less than in the other. Two 


| 


other experiments of a similar nature gave like results, but in both 
the amount of contraction was greatest in the case of the irrigated 
muscle. It would seem, therefore, that the variation in this respect 
may be considered accidental, the character of the two curves being 
the same in all cases. In one additional experiment an alcoholic 
extract of fatigued muscle was substituted for the saline extract 


previously used. This alcoholic extract was prepared by cutting 


i 
up the fatigued muscles very fine, srinding them in a mortar, and 


then placing them in five times their own amount of 95 per cent 


alcohol. After three days the alcohol was filtered off and evapo- 


the residue was then extracted at the boiling point 


rated to dryness; 
with 200 cubic centimetres of normal saline solution and filtered. The 
reaction of this extract as well as that made with saline solution was 
distinctly, though not strongly, acid. The results of this experiment 
were precisely similar to those just described, except that the svmp- 
toms accompanying the passage of the alcoholic extract through 


the blood-vessels were somewhat less severe than during the circu- 


lation of the saline extract. 
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or n 1 
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it 
4 
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made to restore the deficient glycogen by supplying the muscle with 
dextrose in the proportion normally present in the blood. The 
experiments for this purpose were made in three ways. 

1. The method first employed was to fatigue one gastrocnemius 
muscle completely by stimulation of the sciatic nerve, and then to 
irrigate it for two hours with saline solution containing 0,1 per cent 
of dextrose. Ten experiments of this nature showed a compl 


restoration of normal rigor in the fatigued muscle in but three cas« 


A curve plotted from one of these records is given here Five of 
the remaining seven experiments showed a partial recovery; in th 
remaining two the irrigation produced no effect whatever. It is only 
fair to sav, however, that in one of th failures the ling tion 
1 for irrigation was not fresh, and in the other the irrigation 1 


ition 


noted as not itistactory. 
rABLE VII 
degree degree 
N 33 ) 
kat Ir t $3 
ITI Nort ) 
It itior 14 
I\ Norma 14 5] 
I ition 35 }? 14 
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Fatigue + Irrigation 32 13 10 slactors 
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} 
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IX Normal 34 }? }? 
Fatigue Irrig i 34 13 
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Fatigue Irrigation 35 +] 1S 
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It will b nin Table VIII, which oi t t f 
periments, that the pet f rest all l to the fat { { 
muscle while th ther was undervoin tio! not 1 

Ll it i i i 
on ther muscle ted tht ( t t 
wa mued. Of thi periments, t 
pl , the third was practically an ent fatlus 
ent th thr an expe nt wa rfort 
vhich after both muscles had been fatigued and o1 f them 
rated with dexti they were allow Lh 
fatigued muscle began to contract at once and its 1 lete 
in about n hours; the muscle that had been fat ri 
gated aiter fatigue, showcd no signs of rigor until the tenth hour, and 
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rABLE VIII 


Irrigation with dextrose after fatigue; both muscles fatigue 


\mount o 
complete shortening 


In mim 
degree degree 


TABLE IX 


Irrigation with dextrose during fatigue ; both muscles fatigu 


degree degree 


ceased to contract in about twenty-two hours. The amount of con- 
traction in the two muscles was very nearly the same. It should be 
noted that during this experiment the temperature of the room was 
unusually high, — 25° to 27° C. This fact probably accounts for the 


occurrence of rigor in the irrigated muscle as early as the tenth hour, 


| 
Rigor f 
No begun Remark 
] Fatigue 27 $2 3S 
Fatigue Irrigation $2 +? 
II Fatigue }2 35 
Fatigu Irrigation 53 +3 +7 
III Fatigue 32 10 3] 
Fatigue Irrigation 33 +O +5 
Fatigue $3 }? 
Fat it Irrigation +? 38 
Fatigue x0 $2 27 
Fatigue Irrigation 30 $2 34 
VI Fatigue 28 $4 30 
Fatigue Irrigation 32 $3 29 
VII Fatigue 28 Shown in plotted 
Fatigue Irrigation 6H }? 5] cur 
Rigor Rigor An t of 
No begun mplete rtening 
I Fatigue 3? 
Fatigue Irrigation . +4 
I] Fatigue ‘ 
Fatigue Irrigatior +4 +4 
Fatigue +] $2 
Fatigue Irrigation +4 
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which is sooner t 


stance may perhaps account for the fact that the ar 


Ing Was no ! ter im th ri t t 
both muscles when thev wet 1 { t 

end of twenty-thi hour LOW 
tion, and as rigor in the irrigated m 

end of the twenty-second hour, this ¢ 

ent dunt n t tel ta 1 t 

of repeating th yoriment at 


Was irrigated in the usual manner with a 
instead of dextrose. irrigation 
upon the ordinary fatigue curve of heat rigor 
It will be seen from the accompanying tab that ther \ 


three cases in which the variation in heat rigor d bv 


been wholly 
these cases numbers five and six in tabl 1 mn 

tion can be offered; this leaves only one f { i 
number three in table nine. Thu ivht » out of 
experiments more than two-thiu of th 1) 
restoration of tl 


irrigation with dextrose. We cannot refer this b 


as increased osmotic pressure, since t eriment 

eating fluids make such a con 

bly acts chemically restori t m t f t 
muscle substan ind it em tiflable to infer t 

in the rigor curve that have been described as the 1 t t 


are connected in some way with the using up of 1 


tents of the muscl 


enters into rigor much earlier, and shortens much |] t not 


is usual in | 

One other experiment was performed, fat 
the dextrose solution to a mere phy il char . 

IV. CONCLUSIONS 

1. After prolonged fatigue from clectrical stimulation the 1 
fatigued. 

>, This modification of rigor is not due to an ines 
acid, or to an accumulation of carbon di le, or to 1 
of other fatigue products, or to the abstraction of cal t 

3. It is due to the exhaustion of the eh n norma ! 1 

muscle. For the circulation through the exhausted 1 / 
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liquid containing dextrose in the proportion normally present. in 


the blood effects a more or less complete restoration of the normal 


It should be remarked here that it was of course impossible to 


judge in any experiment when the glycogen contents of the muscle 
had been restored fo make the experiments comparab t wa 


thought best to use alwavs the same amount (one litre) of th 
vating fluid, and to allow as nearly as possible the same time (two 


hours) for its passage through the blood-vessels. By this means 


five compiecte recoveries in twenty-one experiments have been ob- 
taincd; and this proportion scems quite as large as could bi 
pected. In the other experiments in which the restoration was only 
partial, it ms reasonable to conclude that had it been p le to 
more normal circulating liquid, such as frog's serum, in pla 
- . ] ] +; + + ] } 
of the 0.5 per cent saline solution, the restoration would have been 


more complete. 


It has somctimes happened in the course of this investigation that 
1 ts have been obtained which h they did not bear upon t 
main point at ic, Were not without interest for other reason \ 
brief allusion to these observations seems therefore not out of pla 

Nervous system. The influence of the central nervous system 


upon rigor mortis has been the subject of repeated investigation. 
Nagel, Bierfreund, von Gendre, Aust, von [iselberg, all claim to 
have demonstrated that the central nervous system exerts a marked 
influence over rigor. Tamassia, on the other hand, believes himself 


to have shown positive evidence to the contrary. In the course of 


the present investigation it was found that in the experiments alread 


mentioned, in which the muscle was irrigated with sodium oxalat 


ly lost, a 


the irritability of the muscle was compicte thou rh heat rigor 


occurred in the usual manner. These results, which are given in Table 
V, agree with Howell's! results obtained on normal rigor. Further, 
it was observed in these experiments that the irritability which was 
completely lost to indirect stimulation of the muscle after fatigue, 
was sometimes restored by irrigation with dextrose; quite as often 


however, the irrigation was without effect in this particular. This 


recovery or non-recovery of irritability was wholly independent of 


the restoration of heat rigor; for it was observed that recovery in 


! HOWELL: Journal of physiology, 1894, xvi, p. 482. 


rigor. 
V. GENERAL OBSERVATIONS. 


Modification of Rigor Mortts resulting from fat. 


this latter respect might be marked in cases where the irritabilit 
the muscl is very slight; and in two 1 ) 
restoration of normal heat 1 r occurred in a 
irritability was almost absent. So far t is t 


Effect of acids and alkalis. It was mentiot t irly | t of 


this articie that iri ition with ther lact 
delay in th ippearan 1 th ( 
th i { Pan opposit treatment D ish 
1 4 
tha Lin rit conta Ww O.O5 r 


how that ibstan ult t th CO! | t 
wholly opposite manner, they mav be t 1a 
in favor of the theory which con rs 1 { 
rigor m rapidly developed u t t 
perature ind not du to a 1 t { of th 
proteids of the muscel 

Effect of irrigation with dextrose on muscle irritability. It 
been mentioned that in some of th xperiment ) 
\ fat ind one of them ir ted th t 

4 tat It 11) i / 1 ) ) t T 

with ir during its stimulat 

to becom rausted than the ot 
the point of fatigu Qn the contrary, t m 
trose became exhausted much tha t 
Where the irrigation ) f t 
lation, th rigated muscle almost in ] f lt 
stimulation through the net \s t t t 
all th cases was effected thr ! 
( mparat ly rly ] ol tab th 


acree, not with the majority of rvel that 
mortis is under the direct control of 1 tral 1 { : 
with Tamassia, who stat that it h if { 
the intensitv, and the duration otf , ' 
| alla atl ) ] 
a result exactly the 1 ! f the former wa ta 
peared in th rrigat ne it a temp t ! 
than in the muscle of the other | | tent of 
not attected by either acid or alkali lt ' that t 
acids and retarded by alkalis; and as t t ist 1 t 

[AM Ix t nt ir tr 
quoted in Arcl italienne 
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owing to some interruption of the connections between the nerve and 
muscle fibres —for instance, by injury of the end plates in conse- 
quence of the @dematous condition provoked. Whether this was 
the case was not ascertained by experiments on the direct irritability 
of the muscle in this condition; so that, under the circumstances, it is 
not advisable to base any conclusions upon this peculiarity. The 
tendency of these experiments, however, has been to indicate that 
there is but little parallelism between the conditions necessary for 
normal contraction and those required for normal rigor. That the 
controlling conditions of the two phenomena are not identical is indi- 
cated also by other facts which have been referred to briefly in this 
paper. Thus it has been shown that when a muscle is irrigated with 
sodium oxalate it loses its irritability to direct as well as indirect 
stimulation, but its heat rigor comes on at a normal temperature and 
follows apparently a normal curve. It would appear from this that 
although calcium salts in precipitable form are necessary to the nor- 
mal contraction, they play no part in the contraction of rigor mortis. 
Again, irrigation of a normal muscle with a saline extract of fatigued 
muscle diminishes or destroys its irritability to direct stimulation, but 
the rigor curve of such a muscle preserves practically its normal 
characteristics, — that is, it suffers no diminution in amount and 
begins at the normal temperature. This fact indicates that although 
the waste-products of muscle contraction — so-called fatigue sub- 
stances —- either diminish or entirely suppress the normal contraction, 
they have no perceptible influence on the changes leading to the 
rigor contraction, the modification of this last phenomenon following 
on muscle work being due, as this paper is intended to show, to 


changes in the glycogen-contents of the muscle. 


I wish, in concluding, toexpress my strong sense of obligation to 
Professor Howell, under whose direction this investigation has been 
carried on, for his very kind interest both in the expérimental work 
and in the preparation of this paper for publication. 

I am also indebted to Professor Warren of Bryn Mawr College, in 
whose laboratory the initial experiments were made, and who first 


suggested to me that I should investigate the influence of fatigue 


on rigor mortis. 


ON THE RELATION OF THE BLOOD TO THE AUTOMA.-. 
PICITY AND SEQUENCE OF THE HEART-BE.N\1 


vow. ROWELL! 


INTRODUCTION 
_ nature of the inner stimulus that arouses the heart contra 
tions is so hidden in obscurity that but few attempts hay 


been made to explain its probable origin, although it may 


supposed that few problems in physiology have ottered such 


ments to investigation and speculation fo the specialist the | 

lem resolves itself into a study of the metabolism of the heart 
tissues, and it is ncedless to say that our knowl of the chemi 
structure of the tissues involved and their reactions during meta 


bolism is so great as to restrain effectually all legitimate speculation 
to verv modest limits. Although a final explanation of the cause of 
the heart-beat seems clearly impossible at present, yet no phy l« t 


ps rhaps doubts that it will be attained eve ntually by the rsistent 


use of methods such as are being employed to-day; and every con 


} 
i 


ts, it may be hoped will add 


tribution, however incomplete in its resu 
something to the better understanding of the conditions and difficul 
tics of the problem 

for many years indeed the conditions controlling the heart-beat 
have been studied and analyzed with care by numerous observer 
with the result that certain preliminary views with regard to it 


causation have become more or less accepted in physiology. Some 


ents of the blood to the heart-beat, have seemed to the author to b 
erroneous, and the present paper is written mainly to correct, i | 
sible, certain misconceptions regarding the part taken by the blood, 
and to point out what appears to be an important, alt 
what neglected factor, in the production of the inner stimulus t 
which the so-called automatic contractions are initiated This paper 
and the accompanying one by Dr. Greene may be considered as a 
continuation of the work begun by the author some years ago 

It may be accepted without discussion that at each contraction of 


the heart muscle, as in the case of ordinary striped muscle, there is a 


of these ideas, especially in the matter of the relation of the constitu 
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chemical change attended by a liberation of energy that formerly 
existed in potential form. This chemical reaction we can suppose 
may be initiated by some form of energy falling into the substance 
of the heart muscle from without, by a nerve impulse, for example; 
or it may be purely spontaneous or automatic, arising from the 
intra-molecular movements of some highly unstable substance; or it 
may follow directly or indirectly from a definite chemical reaction 
between an energy-containing substance within the heart and some 
other substance or substances tormed periodically within the heart 
or already existing in the liquids of its tissues. Haller! traced the 
origin of the stimulus to an action of the blood, and in the early part 
of this century this idea was still prevalent even after the discovery of 
the existence of nerve cells in the heart. Thus } Miiller ? speaks 


of the stimulus as coming from a ‘ constant mutual action which is 
going on between the blood in the capillaries or between the cardia 
nerves and the texture of the heart.” Budge ® supposes that a con- 
stant stimulus is in action, coming to the muscle through its motor 
nerves, but criginating in the latter through the action of the blood 
and not automatically. 

Later the source of the inner stimulus seems to have been referred 
generally to the nerve cells in the heart without specific theories as 
to its mode of origin. Langendorff) however, makes the specific 
assumption that the immediate cause of the heart's contractions is to 
be found in the automaticity of the intrinsic ganglia, and that within 
these nerve cells the impulse arises as the result of dissociation pro- 
cesses that take place in the heart itself. ‘ Das Lebensproduct der 
Zelle ist ihr Erreger.” According to Langendorff the blood is 
essential as a nutrient liquid, but possesses no stimulating action. It 
forms therefore an essential condition for the action of the inner 
stimulus without itself causing this stimulus directly. [Engelmann 
adopts a similar hypothesis, in that he suggests that there is a con- 
tinual production of a stimulus within the heart muscle owing prob- 
ably to the fact that the metabolism of the muscle itself liberates 
substances which act as stimuli. He further supposes that the 


continuous stimulus thus provided for, is converted into a periodic 


1“ Qui hos experimentorum nostrorum eventus pensitaverit, is quidem non 


dubitabit nobiscum pronunciare, causam, quae cor in motum ciet, omnino san 
cuinem venosum esse. Nam enata ea causa cor movetur, subtracta quiescit, 
diminuta motus cordis languet, aucta motus intenditur.” (See No. 1 in the 


list of references at the end of the paper.) 
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stimulus by the fact that these substances are temporarily ant 
reaction developed during systole. \ 
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cated by Kronecker and his pupils in a number of papers.® In these 
researches Kronecker, or those working under his direction, hav ut 


pted to demonstrate that the energy of the heart contraction is 


tem] 


derived immediately trom the secrum-albumin of the blood (or lymph) 
bathing the heart tissue. In the earlier papers of this set thi 
authors were led to erroneous conclusions because of their ignorance 
of the specific importance of the calcium compounds l-or instance, 
Itronecker® believed that he had proved that peptone, which alone or in 
olution in physiological saline will not maintain contractions of th 

rt mus« i ndered capable of perform this function when al 
lowed to remain a short time in the stomach or intestin fal o 
inimal. This: lt he ptone is 


that le GIVEN Ci me other 
proteid, and perhaps to something having peculiar nutrit relations 
to the heart, still it must be borne in mind that under these con 


tric or intestina cretion, pepton n the Case of the sti 
it | bein in efficient secretogogt Th on ha 
been vn,’ mav have been sufficient to ve the 1 ( ! 
and their action should be considered befo1 ny assumptions are 
made as to the conversion of peptone to rum-albumin and a spe- 
Citi fect of the latter on the heart 

So also with rd to the claim made by Marti that a heart 
irrigated v with dium cl de 0.6 t d ( 
( ric f ! t made alkalin h sodium « onat bi t 
into a condition in which nothing but a liquid containing rum 
iubumin m t beat: f t tatement \ 
hown after Ringer had called attention to th ffect of cal t 


duly recognized, but the contention is still made that the presen 


tv th pre dl ctl n ol the heart « ntract 1) { 
tions ceasin » soon as th rum-albumin completely rem dl 
The fact that the ventricle of the frog’s heart may continue to beat 


after steady irrigation for many hours with physiologica line, 
Martius’s liquid and Ringer's mixture of salts, is explained upon th 


assumption that t heart-beat is maintained during this time by 


thereby converted to rum-albumin, although he furnished no chem 

ical proof that such a transformation occurs. While it is p b] 

aqaitions the s ition becom mixed with the morgan its of th 

In the latest paper by Whit t \ lerful ciency of the cal m 
alts mixed in certain proportions with pot um and sodium 

Ol rum-albumin in the of the heatt is a in immediate 
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isolated heart. Considering the complex composition of these 
liquids, it is somewhat gratuitous to assume without further proof 
that their favorable action on the heart is owing to the presence of 
serum-albumin. 

It is necessary here to distinguish also between the nutrient action 
of such liquids and a possible stimulating action. On the assump 
tion that the heart contains a supply of organic material capable of 
yielding by katabolic changes the energy for contraction, it is per 
fectly evident that this supply will be consumed in an isolated heart 
after a shorter or longer interval, and that for further continuance of 
the power of contraction new material must be formed within th 
heart by metabolic processes. That the blood and lymph contain 
substances for the nutrition of the heart and the building up of it 
energy-yiclding compounds, must be admitted on general ground 
in the case of ordinary striped muscle or other active tissues 
highly probable, moreover, that this nutritive materia 
part, at least, of proteid compounds; but that this nutritive supply 
is to be found especially in the serum-albumin of the blood is ai 


rh one very commonly mad 


entirely unproved hypothesis, althou 
But vranting that this may be the case, that th rum-albumin an 
possibly the other proteids of the blood furnish the raw material for 


uite a different matter from the hypothesis ma 


nutrition, this 1s q | 


by Kronecker, that the serum-albumin of the blood or lymph is 


directly utilized by the heart tissue in contraction, and that contrac- 
tion is impossible if the surrounding liquid does not contain this sub- 
stance One may grant, indeed one must grant, that the blood 


supplies nourishment to the heart; but in addition it is possible tha 


Its it may be concerned in initiatin 


by virtue of some of its constitu 
the heart contractions, —in furnishing, in other words, the condition 
for the production of the inner stimulus. 

As opposed to Kronecker’s hypothesis and in support of the view 
that the immediate cause of the heart contractions is to be connected 
with the inorganic compounds in the liquids of the heart, and espe- 
cially with their calcium constituents, attention may be called to a 
number of facts that have been described by different investigator 
It is not claimed that any or all of these facts give indisputable proof 
of the view here advocated, but so far as the author can judge, this 
view gives a reasonable explanation of these facts as a whole. 


When the whole heart of a frog or terrapin is isolated and is irri- 


gated freely with a continuous supply of saline solution (0.6 to 0.8 


| Nulomalicily ana (J ete MCC OF Wl-Ocal. 
per cent NaCl) it cea to beat thin a mparatir t 
varying perhaps from lf to thr If 
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contractions on the Ringer’s mixtur inder the condit | 
on the hypothesis that serum-albumin or any othe: 
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tituent of the blood is still contained in the blood-spaces of th 
tissue in sufficient quantities to supply the energy for the contra 


tions, seems to the author very improbable, and demands somethin 
more than its mere statement to render it a ceptable. The mot 


heart « 


probable view surely is that the lic 


this period is itself in some d 


the beats, particularly when it is found that the composition of thi 


from t recipitable « 1) is been d by tl 
ofa t ( uat t 
tm n tions (0. 
t that th nt 
| 
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however, rendered tmprobable bv t facts that a tion of « ot 
calcium chloride will promptly revive the heart-beats, and, moreover, 


normal salin olutions (0.6'; NaCl), containing about the same 


excess of oxalate, bring the heart to a standstill only gradually, and 


id irrigating the 
connection with the causation of 
liquid must b of a definite characte 

\dditional facts that tend in the same direction are as follows 
Aqueous extracts of the thoroughly dried residu f blood, or of 
milk, containing the inorgani its and other aqucou tractives, 
but only sca lv detectable traces of proteid, may support the con 
tractions of t heart of the terrapin for cleven hours, and more, 
when the heart has been previously washed thoroughly with phy 
logical saline for an hour or more, until the beats ha become very 
fecble.” So, too, Merunowicz® reports that extracts of th rum, 
fter precipitation with alcohol, will revive the ventricle after it  h 
n exhausted by physiological saline. More conclu till, if 
t um, after recipitation with alcohol, porated to dry 
! and nerated, the aqueou xtract of ‘ti ash, containin 
presumably » proteid at all, exercis almost as fay action 
as the whole rum when used upon a ventricl Pp usly ex- 
hausted with norma lin On th ther l, blo 1m, 
after standstill is nearly or quite obtained, the prompt use of a King- 
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referred solely to serum-albumin, or other proteids that might be 
present in the blood-spaces of the heart. 

It will be seen that in explaining the beat of the isolated heart, 
fed only with solutions containing inorganic salts, Kronecker is 
obliged to emphasize greatly the importance of the spongy char- 
acter of the musculature as affording capillary crevices in which 
remnants of blood may be captured, and from which they ar 
washed out with great difficulty It has seemed to me, therefore, 
that his views might be tested still further by using parts of the heart 
where this characteristic of the muscular tissue is less strikingly d 
veloped. For this reason, in part, | have performed a number of 
experiments upon muscular strips, taken usually from the right su- 
perior cava of the terrapin’s heart, at a point near the union of the 
vein and sinu the vena cava, at the position selected, shows on 
its inner surface a slight network of muscular trabecula The net- 
work is, however, so slight and superficial that it would seem to be 
impossible to contend that the shallow spaces thus formed could 
protect remnants of blood from being washed away after prolonged 


baths in large volumes of liquid. 


AUTOMATIC CONTRACTIONS OF STRIPS OF VENA CAVA. 


Phe experiments that were made with the strips of vein were of a 
simple character so far as t 


the vein was cut out at the place selected, and this ring was then 


opened at one point so as to give a narrow strip of vein with the 
muscle fibt running | itudinal This str ttached 

( bres running longitudinally. his strip was attached to a 
counterpoised lever so arranged that the weight upon the strip could 
be changed at will, although as a matter of experience only two 
weights were used, one giving a load of 500 mems., and the other a 


‘ 


load of 100 mgms. The strip was enclosed in a wide glass tube that 
could be filled with liquid of any desired composition, and an arrange- 
ment was provided to enable the experimenter to draw off the liquid 
readily from below at any time without disturbing the attachments of 
the strip. The end of the lever was armed with a delicate strip of 
thin paper to serve as a writing-point. In this way records of the 
contractions were obtained upon the blackened surface of a kymo- 
graphion. Two kymographions were used in the experiments. One 
of these was especially constructed to make one revolution in some- 


thing over cleven hours, and was used chiefly to take the records 


during the night. The other was an endless roll kymographion of 
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five to six hours. Subsequently a few large beats at a slow rate appeared, last- 
ing for uut one half hour. The strip then remained quiet until the next 
morning, 9.15 A. M., March 11 The WutIOnN surrounding th strip W then 
replaced by terrapin serum; no beats were obtained, but this result was in- 
conclusive. as the serum was found to have clotted. (Terrapin serum often 
shows this peculiarity of successive clottings.) ‘The total record, therefore, of reg- 
ular contractions of the strip of vein bathed in mixtures of calcium, potassium, 
ind sodium chloride extended from 3.30 Pp. M., March 9, to ri Pp. M., March 1 
in int f thirty-one to thirty-two hour S lent experience indicated 
| 
| 
| 
| 
TT 
kx m experime ) Sx 
\ i i i ) i 1 of t terrap vhe ! 
| Ktur ( I I susp (al | 
( hours after suspe Cal 36 ( 
irs after suspen 1, Cal r cent rhe t 
und applies to all the curves 
that a longer record would have been obtained if the percentage of calcium 
chloride had been still further increased. Records of the contractions wet 
kept during the entire experiment The rhythm was perfectly regular throug 
out. but towards the end with slowly changing rat During tl rst day, 
March o, the rate remained constantly at twenty beats per minut On the 


IT 
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record o lat different tim ! 

/ 
of terrapin Rat lin toa A.M 
16, in a mixture of NaCl Cat Ki 
\ \ \ \ 
\ \ 
t 
\ 
I 
minut At 12.25 A.M ts t 
inc lit if deat 44 1.2 
of beat \t 42 etry 
0.0 36 ( ( { { \1 
$-40 P.M. load « fr 


60 W. flowell. 


the beat increased to 6 mms., but afterwards gradually decreased to 4 mms. 


\t 6 a.M. March 16 the strip was changed to the slow drum tor the night, 
7 ] + 

ind t on was changed to one containing 16 CaCl The strip 

beat th vhout night t ex d curious per S. ol of searcely 

| 
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nplitud ntil top.M \fter a long period of rest there w 
of wall and. inft ent contraction tween and 30 Mare 19 
| ts sto ddenly and subsequent exposure to vario tut S 
failed to produce rther contractions. 


In this experiment it will be noted that the strip of vein beat con- 
stantly although with varying amplitude and rate in a bath of inor- 
canic salts from 11.30 A.M., March 16, to 11.45 A.M., March 18, an 
interval of forty-eight hours. An interesting result observed in this 


and in other experiments was that as the percentage of calcium 


chloride was increased, a certain mixture was obtained (in this exper- 


» 
ch ged to one containing 56 Cath. An eit {1 
pres ul 7-15 AM. Mareh 15. \t this time the mixtur Vas ( | to 
was then diluted with twice its volume of NaCl o.7‘,, but without ct. At 
1.25 pM. March 18, the bath was changed to one consisting of clear sl ps 
rum diluted with twice its volume of NaCl 0.7'>. The rum « i at 


‘aCl, until the concentrati 
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this case contractions were obtained from 4.45 P.M., March 21, to 


3.15 P.M., March 22, an interval of twenty-two hours and a half. At 
th end of th trip } le] , 
1 til | Wal Lili D iWreoularly. 

The strip is then placed in a bath of sheep rum diluted t 

with O.7 per Cc it ) tion of odiu 1} iit w 
Vitl p iuAl Chit Ge. 1 uit Wa an 
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vell in the serum bath is somewhat opposed to this idea. One would 


uppose that if genuine nutrition had taken place the recovery of 
contractility would have been of a more permanent character, An- 
other fact that points in the same direction is that after this exposure 
to serum subsequent treatment with Ringer's mixture of salts failed 


to provoke contractions. One would suppose that if nutrition had 


to a maximum and then graduall rew smaller, be ming too small 
exhaustion upon Ringer’s mixture, has been obta d by Greene 
upon strips of ventricular muscle, and by Mr. Walden, in experi 
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was used upon the strip of vein, as described below, after being added 
to a Ringer's mixture of NaCl, CaCl,, and KCI in the proportion of 


5 parts of the casein solution to 95 parts of the Ringer’s mixture. 


‘AV portion of the second precipitate of casein was again dissolved in 
water with a trace of ammonia, filtered, reprecipitated by acetic acid, 
washed and dissolved in one quarter per cent solution of sodium 
carbonate. This solution of casein after three precipitations was 
more dilute than the one used after two precipitation 

As will be scen from the details given below, the strip of vein 
that had ceased to beat in a series of Ringer's mixtures, again 
ave regular and strong contractions for a period of nineteen hou 
in a Ringer’s mixture to which the casein solutions had been 
added, a result as favorable as had been obtained under similat 
conditions with blood serum. It is perhaps scarcely necessary to 
add that the good result obtained in this experiment was not due to 
the sodium carbonate, as was shown by a number of control exper 
ments with Ringer’s mixtures containing sodium carbonate. It w 
| 


also be noted in the experiment given below that after the casein 


Ringer mixture had ceased to act upon the strip of vein, diluted 


sheep’s serum was not able to restore automatic contractility, although 
the strip was still in an irritable condition. 

Experiment, April 30 to Mav 3. XA strip of vein was taken from the right 
superior cava of the terrapin, attached to the lever at 12.55 p.m. April 3 
and immersed in a Ringer's mixture of NaCl CaCl, and 

} ‘ he st p began to beat at once, the beats increas ne m mp! 
to a maximum that was reached in about one-half hour. At 1.30 P.M. t 
unplitude of the beats was g mms. and the rate was 20 to 21 per minut 
\t 1.45 p.M. the strip began contracting with alternately large and small beats, 


ind tone waves of the usual type appeared. At 3 to 3.30 p.M. April 30 the « 


tractions were again of uniform size, showing an amplitude of 5 mms. and a rate of 
iS per minute. At 3.35 p.m. April 30, the record was transferred to tl v 


drum, and although the contractions were still good and regular a new Ringer 

mixture was added, containing 0.036% CaCl, The contractions continued 
throughout the night, the amplitude first increasing and then slowly dec1 ng 
during eight hours. After this period the contractions were feeble. and fell 
into groups. At 7.13 A.M. May 1, a new Ringer’s mixture was added, con 
taining 0.056% CaCl. The strip began beating regularly at once, and _ the 
record was transferred to the faster « 
\t 9.50 A.M. and 11.50 A.M. the solution bathing the strip was changed, eac] 


time to one containing 0.066 CaCl. The beats durit this period wer 


regular but small, having an amplitude of 2 to 2} mms. At 11.55 A.M. May 1 


Sequence of Heart-beat 


the record was 


mixtul was 


with inci 


PF again taken upon th WwW Garum, ind at 2 i t] | 
mu to one cont ing Cal ts. 
result of this last change, incr {in size at first and then rad 
smaller ; ilar contractions continued unt I Mav 1 
tl im int un at 7 A.M > ih ved 
manta ned a const t tone. tot tinh tract 
tues percentag Cal \ 
April 30 to 10.30 p.M. May 1, an inters { 2 ims. At 7 A May 
strip was changed from a Ringer Wxture cont (al t 
casein-Ringer mixture, containing ¢ n that precy t 
times and finally dissolved in one quarter per cent Na,CO;. Th 
casein solution had been added t Ri ! Ktul if Nat (al 
26%c, and KCl o.14 1 the proportion of 5 parts of the 1 t 

tone and regular though small beats \t 9.2 .M. May t ! 
changed to the faster drum, a slow inc 1 ton tinu \ 
9-35 AM. May 2 th ution bathing the strip was ch lt 
containing a larger amount, 0.067, of KCI with t result that w 
of the beat deer dt yw increase in tone continued. At M 
the strip was ehanged to a stronger solution of ca 2d pr | t 
to a Ringer’s mixture containing a larger percent of Cat Nal 

i CaCl, 0.056%, KCl 0.04%). The beats began to impr { \ 
10.45 AM. May 2 the bath was char 1 to a vilar tion « 

; rate of eight per minut | maximum amplit ( 
at 12.45 P.M. May 2, a1 fterwards th e of t to 
At s.rs P.M. May 2 th its were feeble and very Vv. two t \ 
new casein R wer tion was lc d it 25 ( 
The beats again increased in amplitude and _ rat \t | 
record was transferred to th low drum. ‘Th { 
maximum of 32!) mis. \t 9.15 P.M. Ww t tr { 
tion was drawn off, iken. and again returned to t tu ( 
a slight temporary incr t of t { | { 
beat but with gradually dimin tilo M | 
to 7 a.M. May 3t trip gave no contract At 7 aM. chat lt ( 
Ringer solution to one containi 14 CaCl, and I 
CaCl, but the strip gave no further contractions Phe tot pel ( 
tractions in the casein-Ringer solution, therefore, w from 7 a.m. May { 
about 2 A.M. May 2. an interval of 19 hours After the n I 
last mentioned casein solution the strip was bathed for a few it 
NaCl solution and subsequently in sheep’s serum diluted with tw t mie 
of 0.7 olution of NaCl In th ition it was allowed to remain 3} | rs, 


60 W. H. Howell. 


but gave no contractions at all though showing a slight increase in tone. At 
10.45 A.M. May 3 tested the irritability of the strip by mechanical stimulation, 
stretching it slightly by pressing on the lever; the strip responded at once 
with a good contraction. ‘The serum was now drawn off and the strip at once 


t 


began to beat regularly, at a rate of 15 per minute, while suspended in air, at 


the same time showing gradually a marked increase in tone. ‘The beats be- 
came smaller as the tone increased, and finally ceased. At 1 p.m. May 3 the 
strip was again immersed in the diluted sheep’s serum. The result was a 
marked loss of tone but no contractions whatever during a period of immer- 
sion of two hours \t 3 PM. the serum Was again drawn ti, lea neg tl strip 

ispended In alr. \gain a series ot rapid eats, although this time quit small 
in size, and a marked increase in tone. The beats in this case soon cc ised ; 
the increase in tone, however, continued for an hour and then slowly passed off 
the strip returning to its original length in about 1 ! No beat t all 
occurred after the tew initial ones when the sti p was first ¢ xposed to all 
This strip was weighed while moist at the end of the experiment ; its weight 
was equal to o.or4 grms Some specimens of the records obtained in this 


experiment are given in the accompanying illustration (Fig. 3). 


It is difficult to apply Kronecker’s test of what constitutes a genu- 
inely nutrient liquid to the experiments detailed above His test as 
originally stated was that the liquid should be able to call forth and 
sustain contractions of the heart muscle (ventricle) after the latter 


brought to a complete standstill by successive treatments 


had been 
with normal saline followed by normal saline made alkaline with so- 
dium carbonate. It was stated with great positiveness that any 
liquid capable of producing rhythmic contractions after this treat- 
ment must contain serum-albumin. When, however, White recog- 
nized that a ventricle that had been brought to a standstill after 
treatment by the method of Martius was capable of contracting rhyth- 
mically for as much as nine hours longer when supplied with a 
Ringer's mixture, it became necessary to amend the original state- 
ment. Following closely the conditions of his experiment, White 
was forced to assume that the serum-albumin contained in the capil- 
lary spaces of the ventricular muscle was more difficult to remove 
than had been supposed, and that to remove it and bring the ven- 
tricle into a state of complete exhaustion or inability to contract, it 
was necessary to employ successively the treatment with normal 
saline, Martius’s alkaline saline, and Ringer’s mixture in the propor- 


tion used by White. After such treatment it was stated with the 


same positiveness as formerly that no liquid could call forth contrac 
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probable. It is scarcely conceivable that the strip of vein soaked 


for hours in relatively large quantities of liquid should still contain 
i i 


sufficient blood in its substance to supply the energy for such long- 
continued series of contractions. If one objects that the necessary 
scrum-albumin, although not contained in the blood-spaces of the 
muscular tissue, may still have been present in the liquids of the 
tissue, that is, in the tissue lymph, then we are met by a new hypoth 

sis. Apparently it would not be possible to remove completely the 
serum-albumin from the tissue lymph both extra-cellular and intra- 
cellular, but if those who believe that serum-albumin furnishes 
immediately the source of the heart’s energy, fall back upon this 
unprovable hypothesis, one may be justified in insisting on some 
direct evidence that serum-albumin is directly necessary to, or in any 
way connected with the contraction of the heart muscle. No positive 
evidence whatever of this character has yet been submitted. On the 
other hand, when one considers the wonderful efficiency of Ringer's 
mixture of inorganic salts in maintaining contractility in the heart 
muscie, it seems impossible to avoid the conclusion that the energy 
for these contractions is not furnished by any substance contained in 
the blood-spaces of the heart, but by material contained within the 
heart tissue itself. Whether this material is a part of the organized 
protoplasm of the muscle, or is contained in the liquids of its sarco- 
| 


plasm or the interstitial lymph, it is not worth the while at present 


to speculate. It is contained within the heart substance in amounts 
varying in the hearts of different animals, and, as long as it is 
present, so-called automatic contractions may be produced if on 
the proper stimulus is supplied. This position, I take it, is similar to 
that adopted by Gaule, but disputed by Kronecker, namely, that the 
heart beats at the expense of its own substance. 

As to the nature of the normal stimulus, White !! admits that the 
presence of calcium is a necessary condition for contraction. The 
various experiments described or referred to in this paper upon the 
effect of artificial mixtures in sustaining the contractions of heart 
muscle agree in proving the same fact, namely, the necessity of the 
presence of calcium compounds, and it seems to the author that they 
indicate, if they do not prove, that the calcium compounds enter into 
a reaction of some kind with the material furnishing the energy of 
the contraction, and thereby produce the inner stimulus. As Ringer? 


first showed, the calcium compounds alone, in solutions of sodium 


chloride isotonic to the blood, are not capable of maintaining a 
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Ringer’s mixtures of varying compositions, toward serum with vary 
ing dilutions, and other liquids. It seemed possible thi 
the reater rhythmicity of the venous end of the heart might be 
brought into causal relations with the normal composition of the cir- 
culating blood, and our understanding of the invariable sequence of 
the heart-beat advanced a step nearer to its ultimate explanation. 
Upon consulting the literature in connection with the experimental 
work undertaken for the purpose described, | have been much im- 


pressed with several facts discovered by previous workers that h 


been more or less overlooked, but which seem to m« quite significant 


in their bearing upon the point under discussion hese facts tend 


J 


to show that the ventricle when fed with undiluted bloo« 
not capable of giving a series of automatic contractions, but if th 
blood or serum ts diluted with normal saline or replaced entirely by 
saline or other so-called indifferent liquids the ventricle may be made 
to give lone-continued contractions. 


Merunowicz* (1875) noticed that the apex of the frog’s heart, 


which normally gives no contractions when fed with undiluted serum, 
may be made to beat if th rum 1 luted four times with physiolog- 

il salt solution An experiment is described by Merunowiez that 
illustrat this difference in beha of the venti and is furthes 
iteresting in that it is substantially the same experiment as that per- 


formed later by Aubert. In this experiment the heart was kept 


beating for an hour upon the above mixture of scrum and physiolog- 
ical salt solution Phe apex was then tied off, with the 1 It that it 
continued to beat without interrupti although in the normal animal 
with the heart filled with its n blo such an operation is followed 
by a stoppage of the apex beat 

This difference between the action of undiluted serum and serum 
diluted with physiological salt solution upon the contractions of th 
apex of the fro ventrich more clearly brought out by the well- 
known experiments of Aubert." Aubert made use of the clamping 


device emploved by Bernstein The apex of the ventricle was 


clamped off for a number (60) of seconds, with the usual result that 


when the clamp was removed the apex remained motionless although 


the rhvthm of sinus, auricle, and basal portion of the ventricle was 


} 
} 


undisturbed. If now a little physiological salt solution was introduced 


into the ventricle through a cannula placed in the inferior vena cava, 


if 


1 apex began to beat in a few minutes with a rhythm independent 


of that of the rest of the heart. Then while all parts of the heart 
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experiments made on strips from the large veins opening into the 
heart, | have been able to show this difference in reaction between 
the tissues at the two ends of the heart in a very striking way. 

In these experiments strips of the right superior vena cava, of the 
apex of the ventricle, and usually of the auricle also, were taken 
from the same animal and attached in the way previously described 
to recording levers. Usually the strip of vein was placed under a 
tension of 100 to 500 mgms., that from the auricle under a tension 
of one gram while that of the ventricle was loaded with two 
grams. The strips were immersed in a bath of serum from the 
blood of the same animal, or in horse’s or sheep's serum, or finally 
in baths of Ringer’s mixture of inorganic salts in varying propor- 
tions. Careful records of the contractions obtained were taken upon 
the kymographion during a period of from one to three days. In all, 
seventeen experiments of this character were completed, but as the 
records are voluminous on account of the long periods of time 
required, it is perhaps sufficient to state briefly the character of the 
results obtained and illustrate these results with specimens of some 
of the curves. 

When immersed in undiluted serum either of the terrapin’s or 
horse’s blood, a strip of muscle from the apex of the terrapin’s heart 
does not usually give rhythmic beats. <A few isolated strong con- 
tractions may occur, but these are rare and take place at long inter- 
vals, and in my experiments usually happened immediately or 
shortly after immersion. Asa rule the strip remains perfectly quict 
for hours, although very irritable toward mechanical stimulation. 
From this condition of rest it may be aroused into rhythmic activity 
by substituting physiological salt solution for the scrum, by dilutin 
the serum sufficiently with the physiological saline, or by adding a 
certain excess of calcium chloride to the serum. Diluting the serum 
with 0.7 per cent solution of sodium chloride was usually more ettect- 
ive in producing a long series of contractions than the addition of 
calcium chleride. The amount of dilution required to start the 
strip into a sustained series of contractions varied in different cases. 
Sometimes dilution with an equal volume of the 0.7 per cent solu- 
tion of sodium chloride sufficed, but in other cases dilution with 
twice the volume or more was necessary. The same variation was 
observed in the amount of calcium chloride which it was necessary 


to add to produce contractions; addition of as much as 4c.c. of a 


one per cent solution of calcium chloride to 100 c.c. of serum was in 
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wave-like variations in tone increased in amplitude for some hours 
and then slowly passed off, becoming both smaller and less frequent, 
so that after twelve or more hours the strip might be beating with as 
little variation in tone as in the case of the ventricular strip. In this 
last condition the vein strip was still liable to marked changes in 
tone if the conditions to which it was exposed were altered. A care- 


ful study was not made of the nature of these conditions, but it was 


observed among other things that acrating the liquid or exposing 


the strip to air caused usually a strong increase of tone. Thi 


ceptibility of the muscular tissue at the venous end of the heart to 


changes in tone is evidently one of its most striking properties, and 


one that merits especial study, since it is possible that under norma 


conditions it may exercise an important regulating influence on 


blood flow through the heart. This point, however, was not studied 
i 


in this investigation, and is mentioned here only incidentally becau 


i 


of the constant appearance of tone waves in all the records. 


The facts given above with regard to the behavior of strips of 
the vena cava and the ventricle in undiluted serum taken in con- 
nection with the results described by Aubert and others, justify us 
in concluding that the normal composition of blood is such as to 
prevent automatic activity on the part of the ventricle, at least in th 
frog and terrapin, while, on the contrary, it induces automatic activ- 
ity in the tissue at the venous end of the heart. Whether the action 
in the latter case is exerted immediately upon the muscular tissue o1 


indirectly through the intrinsic ganglia is a secondary matter from out 


present standpoint. 


| 
| {\ | 
. 
~ 
| 
= 
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rhythmic series of beats either by diluting the Ringer's mixture more 
or less with 0.7 per cent solution of sodium chloride, or by increas- 


ing in it the percentage of calcium chloride. 


\ 


In addition to the experiments made with strips of ventricular 
muscle, I have collected a number of observations made during class 


experiments in which th ire ventricle was employed. In these 


experiments the ventricle was ligated upon a perfusion cannula, the 


ligature being laid in the auriculo-ventricular groove. Through 
annula it was irrigated freely with a supply of Ringer’s mixture 

s of the composition stated above and under a constant pressure 
of two to three centimetres. The ventricle was placed in a tonometer 
filled with 0.7 per cent solution of sodium chloride, and the 
of the tonometer was connected by a wide tube with a 


pended by a spiral so arranged that the pressure in the tonometer 


remained constant in - of variations in volume of the ventricle. 


kymogra- 


The movements of the test tube were recorded upon a 
phion, and gave the exact changes in volume of the ventricle. 

usual result was that when the Ringer’s mixture contained 

cent calcium chloride and 0.03 to 0.04 per cent potassium chloride, 
the ventricle refused to beat. When, however, the Ringer’s mis 

was diluted sufficiently with 0.7 per cent solution of sodium chloride, 
rhythmic, long-continued pulsations ensucd. The Ringer's mixture, 
in other words, behaved precisely like the undiluted serum or blood 
in the experiments made by Merunowicz and others. The amount of 
dilution necessary to call forth sustained contractions varied some- 


what with the different hearts used. 
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cause of the normal sequence of the contractions that sweep over 


the heart from venous to arterial end. As Gaskell and others have 


shown, the explanation of this regular sequence is to be found in the 


rreater rhythmic power of the tissue at the venous end 


but the cause of the greater rhythmic power in turn is 


in the adjustment of the tissue at that point to the relat 


tions of calcium otassium compound 


i 


blood or lymph. his proportion 


frog and terrapin. the blood 1 


mulated 
hl and Rombe1 


Whether or nm hese fact Id in the case of the mammalian 
heart cannot of course be determined without direct experiments on 


the subject. ‘he well-known experiments of Wooldridge and. of 


Tigerstedt indicate that the ventricle of the mammalian heart, unlike 


that of the cold-blooded heart, continues to beat, although with a 


slower rhythm, after separation from the remainder of the heart. 


This result has been confirmed also by the later experiments of 


Krehl and Romberg. In all of these experiments, however, a portion 


+ + 


of the auricular musculature was left in connection with the ventricle 
so that the isolation was not complete. Moreover, it is not clear that 


in these experiments the ventricle continued to beat sufficiently lon 


to establish beyond doubt its power to give automatic contractions 


the circulation. Apparently a much 


} 
i 


under the normal conditions of 


stronger proof of the automaticity of v« ntricular muscle under normal 


conditions of circulation is furnished by the interesting experiments 


} 
i 


of Porter?! made upon isolated portions of the mammalian ventricle 


] ] 1 


supplicd by an artificial circulation of the animal’s own serum or 


blood. n tl peril , however, 1 lot isunderstand 


the author’s description blood or um W usually diluted 


the heart, 
tbe sought 
that in the heart of the 
stimulus to the mu lar tissue of the veins and sinus, but is inettec- 
tive toward th ntricular muscl With such an adiustment tl 
result must be that under normal conditions a heart-systole b 1) 
always at the venous end. 

On the other hand the ventricular muscle also is capable of so- 
cailed automatic activity if only the liquid bathing it ha the proper 
composition, but in blood or lymph or an artificial soluti n which 
the calcium and pota im constituents have the sam proportions 
as in blood it is not automatic. Under these conditions it ontrac- 
tions depend upon a stimulus conducted to it from t auricles, 
wh fF from the sinus, as Gaskell, Engelmann, 

Ne thers have contended 
| 
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consequence of the large bulk of outside liquid against which the 


diffusion takes place. In this condition of sodium chloride exhau 


tion, as it has been called, a temporary recovery may be obtained, 


Gaule and Martius showed, by the action of small amount 
hydrate or sodium carbonate in isotonic solutions of sodiut 
The explanation of this partial recovery given by Martius, 
that the alkali removes more ettectually the carbon di 
tissues and thus prevents local asphyxia, is perhay 


the recuperating effect of the alkaline saline is sligh 


the important fact is that from this condition of exhau 
called the muscle may be aroused into rhythmic activity lastin 
many hours by exposing it to the action of a liquid cor 
proper proportions of calcium and potassium salts, such as 


lymph or the artificial solution devised by Ringer. 


_ONCLUSIONS. 


1. A strip of vena cava from the heart of the terrapin may bx 
in continuous rhythmic pulsation, during forty-eight hours o1 
when immersed in baths containing only the inorganic salts, 
chloride, potassium chloride, and calcium chlorid Since in 
preparations there is no mechanical obstacle to the complet 
of blood from the substance of the strip, the result rend 
ble the theory advocated by Kronecker that the cardiac 
only as long as scrum-albumin is supplied to it by the blood. 

2. The muscular tissue of the heart derives the energ 
tractions from material contained within its own 
supplied with an adequate stimulus will continue 
this material is consumed, whether or not the orga constituents of 
the blood are present. 

3. Under normal conditions, the stimulus that le: 
traction is dependent upon the presence of calcium compou 
liquids of the heart; but for rhythmic contractions and relaxations, 
a certain proportion of potassium compounds ts also necessary. 

4. An adequate artificial circulating liquid for the whole heart, or 
for the tissue at its venous end, is a solution of sodium chloride iso- 
tonic with the blood, and containing calcium and potassium as chlo- 
rides in the proportions, so far as the bases are concerned, found in 
normal blood. The sodium chloride seems to be essential only in 
preserving the osmotic relations between the tissues and the sur- 


rounding liquid. 
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5- The muscular tissue of the ventricle of the fi ind terra 
not able to contract automatically when ; d t 1) t 
or serum, or to a Ringer's mixture containing , t 
and calcium in the proportions present in b I. 
6. The tissue at the n nd of the heart (vena 
of giving sustained automat contractions undilut 
serum, or in a Ringer's mixture containi lium t 
calcium in the proportions found in blood 
7. The normal rhythm of the cold-bl led heart depen 
the fact that in blood and lymph the proportion of 
is such as to cause rhythn ictivit 
muscular tissue at the venous, but not at the arterial end of t | 
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ON THE RELATION OF THE INORGANIC SALTS OF 
BLOOD TO THE AUTOMATIC ACTIVITY OF 
A STRIP OF VENTRICULAR MUSCLE. 


By CHARLES WILSON GREENE 


‘@ is the intention in this paper to investigate more fully the con- 
ditions of automatism in the tissue of the heart rather than to 
discuss the question whether the automatism of the heart resides 
primarily in the muscular tissue or in the nervous mechanism. 
Brown-Sequard! pointed out more than fifty years ago that the 
more fundamental question regarding the heart’s activity is not 
which tissue is automatic but why or under what conditions either 
issue shows automatism. I emphasize the idea of conditions of 
automatism with intention, for while one may justify himself in 


setting forth hypotheses for the explanation of results obtained 


under the multiple conditions of experimentation, still one must 
fully recognize the impossibility of reaching a decisive solution of 
a question which at the present time involves so many necessarily 
unknown factors. 


The influence of the blood on the heart's contraction must neces- 


sarily be considered both from the physical and from the chemical 


point of view. The characteristics of the blood are isotonicityv with 


the living tissue, a certain degree of viscosity, and a complex chem- 
ical composition. Since the experiments of Nasse? in 1869, on the 
etfects of different strengths of sodium chloride solution on the irrita- 
bility of the gastrocnemius of the frog, isotonicity with the living tis- 
sue has been recognized by all physiologists as a requisite of any 
artificial solution adapted to sustain the activity of living tissue. In 
the experiments recorded in this paper, the effort has been made to 


keep this factor constant by using solutions as nearly isotonic as 


possible, except in a very few special cases. Certain investigators, 

notably Ileffter,'* have insisted upon the importance of a deg1 of 

viscosity in an artificial circulating fluid. Others have disproved, or 


at least have thrown crave doubts on the va 


idity of this conclusion ; 
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and as salts in combination th organic cot ment | t 
such salts as are found only in minut itit ha 
quantitatively determined, although from a physiological | t of 


view they may be of very great importance. 
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METHODS AND APPARATUS. 


In 1880 Gaskell demonstrated that a strip of the apex of the terra- 


pin's ventricle would give automatic rhythmic contractions when sus- 


pended in a moist chamber and left toitself. This simple experiment 
offers a method for the study of rhythmic muscular tissue as such. 


Although an intricate network of nerve fibres interlaces among thi 


muscle cells of the apex of the ventricle, and, according to Berkley, 
an occasional isolated nerve cell is found in even the apex in the frog 


1¢ mouse, still it can scarcely be supposed that a stimulus that 
acts to produce rhythmic contractions in the isolated strip of the 


ventricle acts on the terminal nerve elements to the exclusion of the 
muscle cells. However this may be, whether the automatism resides 


in the muscle or nerve, the phenomena associated with the rhythm 


of an isolated strip of muscle seem to admit of a more definite study 


1¢ phenomena associated with the activity of the complexly 
organized heart itself. 
In a preliminary experiment made upon a different species of ter- 


rapin from that used in the remainder of the experiments, the ape: 


muscle strip of the terrapin’s ventricle suspended in a moist chamber 
remained alive and gave off rhythmic contractions for three days 
This preliminary test fully demonstrated the utility of the method, 


and I have, therefore, adopted this method for the study of the ino: 


anic constituents of blood in their relation to the activity of cardia 
muscle. The following pages will, I hope, fully demonstrate th 
directness, reliability, and simplicity of the method. 


My plan of procedure has been, in brief, to suspend a slender strip 


of the apex of the ventricle (approximately 2.5 cm. long and y 


n .2 to 0.3 gram) in a moist chamber, attach it to a recordin 
lever under a definite tension, submit it to an artificial fluid by 


mersing it in the solution or by moistening it in air, anc 


the resulting phenomena by the lever and by direct observati 
The extraordinarily long life of the muscle under such conditions 
permits a series of experimental changes affecting each strip 3 
this method one has the very great advanta of placing several 
strips from the same. heart multaneous!y in different solution 
The requirements of this method ar very simple, and no intri 
cat ipparatus is needed It is necessary only that the muscl 
be protected from evaporation, and that it be connected with 


delicately poised recording lever. The apparatus I adopted has 


| 
‘ 


- 
additional advantag f all the desirable mechanica 
in adjustment. 
he muscle was suspended in a glass tul fourteen cent t 
length and of a diameter of one and a half to t t 
according to the experiment. ‘The tube d at tl ott 
a rubber stopper contain asmall gla irral t 
permit the filling or the complete empty ft tub it t 
turbine the heart striy On le of t ul d of t 
cannula was drawn out and bent into a sma k for t tt 
of the lower cnd f the muscl trip. Ih pel na 1 
tube was eithe: vered with « | pay { { 
air experiment -Was constricted int L SI k th { 
shaped outer end, which when fill vith a drop of water oft 
resistance to the movement of the thread passing thi t t at 
the same time prevented evaporation from tl heart tub 
ligature were tied aroun ich nd f the 4 { 
one thread closely looped over tl hook at the t f t 
stopper-cannula while the other was ear to a | 
P] 
small ola »- hap d hook Wel Ca ht nt t 1 te 
muscle strip The hooks are preterable for th mparat 
ventricular strip 
A light straw lever used in th { | 
balanced on a steel rod one millimetre in diameter by n { 
lass hub about twenty-five millimeti long, tl n f \ 
constricted so that the weight of the lever rested ot m 
bearin urfa Chis device reduced the frict f the ] { 
steel wire support to a minimum Phe fulerus f the lev 
placed between the attachment of the muscle and tl t t, 
converting the downward pull on the | r int no upwatr { 
the recording cylinder. The lever carried a fin 1 
the Ipportin lass hub so adjusted that tl tot ‘ { 
muscle was approximately one gram 1] XI ft 
ported above the heart tube by mean f rods and 
that the lever could be readily adjusted in any plat | ] t 
adjustment was found extremely convenient nce by it t ! 
lever could be taken from the recordin rf or ret t at 
moment without in the least disturbing other ] t 
ittached to th am tand. 
A slow drum was found best adapted to tl ] t 
by the terrapin’s ventricular strip, especially when tl periment con- 
ra 
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tinued through a series of hours including, perhaps, two or three 
consecutive nights. The particular drum used for most of these ex- 
periments had a circumference of forty-seven centimetres, and made 
one revolution in eleven hours. When parallel experiments were 
made, as was always the case except in one or two experiments, 
two and three heart tubes with levers were attached to the same stand, 
the levers writing one above the other. 

The artificial solutions used in these experiments were in every 
case made in water distilled in glass. The absolute necessity of this 
precaution in any series of experiments involving the effects of the 
inorganic salts of blood on living animal tissue was first demon- 
strated by Locke," whose work has recently been confirmed by 
Ringer. These investigators showed that minute traces of certain 
of the heavy metals, such as copper, dissolved from the copper-re- 
ceiving tanks so often used for distilled water, may completely ob- 
scure the effects of the particular salt experimented with. The water 
used in my experiments was prepared in part by the method devised 
by Jones and Mackay," except that potassium bichromate was sub- 
stituted for permanganate of potassium in the first flask according to 
a recent suggestion of the authors’, and that I used a Jena glass con- 
denser tube instead of the block tin tube used by them. More re- 
cently the water used was purified by making ordinary laboratory 
distilled water slightly alkaline with sodium hydroxide and re-distill- 
ing in glass. 

The sodium and potassium salts used were purified by repeated 
recrystallization of ‘chemically pure” salts. Solutions were made 
by dissolving a weighed quantity of the dry salt in a measured quan- 
tity of distilled water. Stock solutions of one per cent strength 
were prepared from all salts, except, of course, sodium chloride, 
and solutions for immediate use were made up from these stocks as 
necded. Inthe case of the deliquescent calcium chloride a solution 
was prepared of approximately the strength required, and the amount 
of calcium in this solution was quantitatively determined by the 
usual gravimetric method of precipitation as calcium oxalate and con- 
version to calcium oxide. From this general solution a one per cent 
stock was prepared. 

In the details of experiments the proportions of the various salts 


used in any given artificial solution are expressed in terms of per- 


centage. 


/ 
SERUM 

Before discussing the relation of solutions of the inorganic blood 
salts to the action of a ventricular strip, let us first consider the be 
havior of such a strip immersed in its own scrum. If an ape trij 
cut from the heart of a terrapin, CAryscmys picta, Ispen la 
heart tube and covered with normal terrapin scrum, absolutely n 
rhythmical contractions are developed. If the preparation i t 
quickly made and ts allowed to evaporate slightly during the pro¢ 
a few single contractions may occur when the strip is first suspen 
The number of such contractions does not exceed ten or fifteen, 
they occur during the thirty to sixty minutes followin | 

In five experiments strips were kept in serum from twenty-one 
one hundred hours. After thirty to fifty hours an occasional con 
traction may occur. The longer a strip is kept in nthe mor 
frequent the contractions become, but they do not on an avera 
exceed one an hour in strips kept for a very long tim One st 
number 47d, left undisturbed for seventy-six hours in scrum 
during that time eighty-two single contractions, seventy-five of thes 
occurring during the last half of the time. Meanwhile bacteria ap 
peared in the serum; this was therefore drawn off and t trip left 
suspended in air, though still moist with serum. The mus t 
once began to contract with full normal contractions and continucd 
to do so for six hours, when the recording drum stopped and furth 
record was lost. Another strip was kept in serum for ninety 
hours, and gave only forty contractions during about one half of tl 
time, the record being lost at intervals during the « riment. <At 
the end of ninety-six hours this strip was quiet in a relaxed stat rut 
when changed to 0.6 per cent sodium chloride tion it 
ately gave a series of rhythmical contractions. Th contract 
were more irregular in rate than is usual in a so m chlorid 
such as will be described later. They were at first 1.2 to 1.4 « 
high, and gradually decreased to zero within an ho t half 
After one hundred hours a bath of Ringer's solution pt ced a 
strong increase in tone and fibrillation, showing that the muscl 
still alive and irritable. 

From these examples it will be seen that vormal serum po 
the heart strip in good condition for contraction for a ry tine 
but docs not supply the necessary conditions for the development of 


rhythmic contractions of ventricular mu 


| 
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It is well known that an isolated apex of the frog’s ventricle will 


not give contractions when the heart is filled with its own blood, 


a 
fact made use of since its discovery by Bernstein in 1876 to support 
the view that the contractions of the heart are nervous in origin. It 
is significant, therefore, in light of what I shall present later, that the 
ventricular strip agrees in its reaction to serum with the apex of the 
frog’s heart isolated by Bernstein's method. 

Modified serum. — In 1875 Merunowicz? found that blood of the 
sheep or rabbit is most favorable to the development of good con- 


tractions in the frog’s heart when diluted with 0.6 per cent sodiun 


chloride solution in the ratio of one part of blood to four parts saline 
McGuire® in 1878 investigated the relative proportions of rabbit 
serum and 0.6 per cent saline in reference to their sustaining power 


on the frog’s heart. He found that a mixture of serum and saline in 


the ratio of one to six does not produce maximal contractions, — 
that one to two is better, while greater concentration of serum is 
“unfavorable.” At the present day, fol 


ts obtained by other observers, it is customary to dilute rabbit or 


lowing these and similar re- 
other mammalian blood with sodium ‘chloride solution when it is to 
be used for artificial circulation experiments, without inquiring why 
the dilution improves the blood in its adaptability to the production 
of good rhythmic contractions I have repeated on the apex strip 
the experiments of McGuire on the frog’s heart, and have other ex- 
perimental evidence which I hope will show to what dilute serum 
owes its efficiency. It has already been shown that the terrapin’s 
own serum in its normal concentration and composition as well as 


1 
} 


mammalian serum is inefficient in developing rhythmic contractions 


in a heart strip 


Experiment 24, December 11, 1897. A perfectly fresh heart strip was sus- 
pended in fresh serum obtained from another terrapin. During the succeeding 
forty-one hours, twelve contractions were developed. ‘These contractions varied 
in amplitude from o.t em. to 1.0 em., and occurred at very irregular intervals. 
The smaller contractions were submaximal. Sodium chloride 0.6 per cent 
was then added at successive intervals during ten minutes. After twelve 
minutes full, strong contractions began which were at first 1.0 cm. high 


but increased to 1.2 cm. in two or three minutes. then slowly decreased to 
0.8 cm. in the two hours following. The rate was quite irregular in this 
series and the contractions were in groups of varying rates. len minutes 


after the series be 


‘gan one group showed a rate of twenty-eight per minute 


As the height decreased the rate became slower and slower. After two 


| 
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exposed to solutions of sodium chloride, 0.6 per cent, and then sur- 
rounded by serum. That is, it may be assumed that beats occur 
during that early period in the process of diffusion when the salts of 
the serum diffusing into the muscle mass may be assumed to be very 
much diluted. It must also be noted here that a strip that is quiet 
in normal serum may be made to beat with perfect rhythm and com- 
plete and normal amplitude, although for a variable time, simply by 
increasing the percentage of calcium salts in the serum. 

Further, serum will revive activity in a heart strip after it has been 
thrown into a state of strong tone accompanied by fibrillation in 
consequence of the action of other solutions, such as sodium chloride 
solution containing calcium chloride, or a Ringer’s solution used after 
sodium chloride. The exact type of recovery depends upon the 
degree of general exhaustion of the strip, 2. ¢., upon its total activity 
since suspension, and upon the length of time that the strip has been 
in fibrillation. When such a fibrillating strip is changed to serum it 
immediately begins to increase in activity, giving stronger and more 
rapid fibrillary contractions. After a longer or shorter period de- 
pending on the above mentioned conditions the strip suddenly ceases 
fibrillation, partially relaxes, and then begins contractions that are 
normal in type but irregular in rate and not frequent. (See Figs. 2 
and 3.) ‘The contractions obtained from strips that are in a more 
nearly exhausted state are small at first and gradually increase in 
height during several hours. Almost invariably, however, the con- 
tractions revived by serum become more and more infrequent, and 
practically cease after five to fifteen hours. This condition is again 
comparable to that of a fresh strip immersed in serum, except that 
fatigued strips, it must be remembered, have been under experi- 
mentation for several hours and have already expended a great 
amount of energy in muscular contractions. 


Finally, a muscular strip beating for a long time in a solution of 


inorganic salts may ultimately gradually decrease the amplitude of 


its contractions and pass into a state from which it never recovers its 
original amplitude. When in this state it is only slightly revived by 
serum. This is a state of true exhaustion which will be discussed in 
more detail later. If such an exhausted strip be immersed in pure 
serum it will give a series of feeble contractions. These feeble con- 
tractions are often of quite a rapid rate, but in height do not even 


approximate the contraction given by the strip before exhaustion. 


They quickly disappear again, while serum used on a_ partially 
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normai saline solution is not-‘‘ indifferent” to living cardiac tissue in 


In these experiments | have tried in various ways to show what 


takes place when an apex strip is immersed in a bath of normal 
I I 


sodium chloride solution. In the earliest experiments 0.0 per cent 
sodium chloride was used, but later 0.7 per cent was thought to be 
more nearl toni If a fresh strip saturated with blood be sus 
pended in a bath of 0.6 per cent or 0.7 per cent sodium chlorid 
solution it begins to beat rhythmically after a certain latent period. 


The length of the latent period, the height of the contractions, and 


the character of the rhythm and tone vary greatly in different experi- 


ments, but the following examples will serve as types. 


Phe latent period may be only a few minutes, or it may be as many 


hours. It scems, in general, to be shortened when the bathing sol 


tion is renewed often. In some experiments, however, was found 
to be lone, n though the solution was often renewed Phe height 


of the contractions varies much in different series, althouch in gen- 
eral it may be said that the longer the latent period the shorter the 
contractions wnen thev do begin, and the shorter the time they are 


ntinued. T cannot at present give any evidence showing any quan- 


itive relation of the rate and heicht to the latent period. It is to 


be noted that a sodium-chloride series, when once established, goes 


the sam Hse as is scrum 
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progresses. The total loss of tone amounts to one fourth or one 
third the length of the strip in many experiments. In muscle strips 
that have previously been treated with solutions of other salts, sodium 
chloride produces slight or even no loss of tone. 

With saline made slightly alkaline with sodium carbonate, I have 
never obtained a recovery of more than a small fraction of the origi- 
nal amplitude of the beat. This fact is noteworthy in comparison 
with results obtained on the saline “ exhausted” frog’s heart by 
Gaule,’ Stiénon,” Martius,” and White.” According to my obser- 
vations, it would seem that the heart-muscle of the terrapin treated 
with sodium chloride alone passes into a state from which it cannot 
be revived by alkaline sodium chloride solution. Although in con- 
sequence of sodium chloride treatment it gives smaller and smaller 
beats, and finally remains perfectly quiet in the relaxed state, still, as 
will be shown, the muscle strip may be thrown into most powerful 
rhythmic contractions at any moment, if only the proper inorganic 
salts be added to the saline solution. When the term ‘f exhaustion 
is used, therefore, in connection with the saline effect, it must be with 
the understanding that it applics only to the peculiar condition of 
quiescence produced by treatment with sodium chloride solution, a 
condition which might be designated more accurately simply as 
sodium chloride pause, 

Phe amplitude of the contractions in a sodium chloride series is no 
criterion of the height of the contractions which the strip will give 
under the influence of other conditions, 7. ¢., solutions of the other 
inorganic constituents found in blood. In my experiments, some of 
the strips which I had condemned as from animals in bad condition, 
because they gave a poor sodium chloride series, w 


cted to a bath of other inorganic salts gave contractions of unex- 


pected amplitude. Strips cut from hearts which have previously 
been thoroughly irrigated with sodium chloride solution give only 
minute beats, or none at all, when suspended in a sodium chl 


bath. They react, in fact, like the normal strip suspended in saline 


at the time when the saline serics of contractions is nearly at an end, 
the exact similarity depending somewhat on the thoroughness of th 
irrigation. These strips, also, are not truly exhausted, as an experi- 


ment to be described later (No. 42) abundantly proves 


The great diversity of reaction to saline solutions exhibited by 


ventricular strips filled with blood is given at some length, because 


| 
th are the variations in reactions often ascribed to the individual 
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peculiarities of the animal experimented upon As a matter of fact 
these reactions are only what might have been 
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First and perhaps most important of the characteristic differences 
illustrated by Figs. 2 and 3 is the shortening or entire absence of the 
latent period. If the strip has already been submitted to several 
changes and is still in condition to contract, then saline solution calls 
forth immediate contractions. Under these conditions aiso the con- 
tractions begin at a submaximal height, usually that of the contrac- 
tions in the preceding solution, quickly increase to a maximum, and 
then regularly and uniformly decrease to complete disappearance, 
the muscle remaining inactive in a relaxed state. In these cases the 
maximal sodium chloride contractions are maximal for the muscle 
under avy condition, a fact in sharp contrast to the submaximal con- 
tractions so often obtained from a fresh strip treated with sodium 
chloride solution. The rate is also much increased, in many experi- 
ments reaching twenty or more per minute, a rate too rapid to be 
distinguished in the records made on the slowly moving drum. The 
effects present the appearance of a very much heightened irritability, 
and the longer the muscle has been suspended the more striking is 
the result. 

The rate in sodium chloride remains more nearly constant than in 
any other solution except, perhaps, very much diluted blood or 
serum. The decrease in the height of the contractions brought out 
in a heart strip by a second sodium chloride treatment is almost 
always perfectly regular and symmetrical. Such regularity in the 
response of the muscle to a definite salt in solution argues for a 
definite and regular series of changes in the muscle, either of a physi- 
cal, 2.e. osmotic, or of a chemical nature. I shall only briefly call 
attention here to certain facts which are brought out by this particu- 
lar group of experiments. 

It must be borne in mind that the muscle strip cut from a fresh 
unwashed ventricle is full of blood, that is, its muscle fibres are 


bathed in a liquid containing the numerous constituents of blood. 


When this strip is suspended in a solution of sodium chloride as 
nearly isotonic with blood as may be, it is to be presumed that 


diffusion of the salts other than sodium chloride immediately 


begins. Presumably osmotic currents of water and the diffusion of 


sodium chloride are reduced to a minimum, but all other diffusible 
constituents of the blood will tend to pass into the surrounding 
liquid. The more frequently this surrounding liquid is renewed the 
more rapidly the process is carried on. When contractions begin, as 


they do sooner or later, the rhythmical change in pressure greatly 


aids the process. During the first few contract 
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was thrown down by means of a centrifugal machine, washed in 
distilled water, redissolved in weak hydrochloric acid, reprecipitated, 
washed until free of chlorine, dried, and finally heated in a platinum 
crucible until the weight remained constant. Duplicate analyses 
were made and the results are expressed as grams of calcium oxide 
in 100 c.c. of plasma. Each tube in Experiment I contained 24 c.c., 


in experiment II, 25 c.c. of plasma. 


TABLE III 


Experiment I. December 4, 1897. @ 126 gram, 126 gr 
Experiment II. December 11, 1857 OI 33 gram, gram 


This determination is in fair agreement with the results of Ger ,- 
secured by the same method from dog’s serum, namely, 0.014 and 
0.0145 gram CaQ in 100 c.c. serum, and also with determinati f 
the calcium in sheep serum made by Dr. Howell in this laboratory 
by a volumetric method with potassium permanganate, which gay 
as the mean of two analyses 0.0124 CaO in 100 c.c. of serum 

Phe mean of the determinations in Table II] expressed as calcium 
chlorid 26 Cram I of plasma Chis amount col 
sidered as the amount normal to the blood. Chlorid Its w 
in all the artificial inorganic salt solutions in order to reduce th f 


fect of the acid radical to a constant. One would expect the amount 
of calcium to vary in different individuals. It is possible, too, that 
some of the combined calcium may separate off, and if so the above 
amount would be too large. It will, however, serve as the most 
available constant in the study of the effects of the calcium in the 
blood in its relation to the development and maintenance of con 
tractions in the isolated heart strip. In 1883 Ringer! first demon- 
strated the great importance of this element in the activity of the 
frog’s heart. Since that time numerous experimenters have extended 
and enlarged our knowledge of the physiological importance of cal- 
cium in the animal organism. At the present time it is generally 
recognized that calcium in some form plays an essential part not only 
in the activity of muscle but also in the clotting of blood, the coagu- 


lation of milk, etc. 


Ringer demonstrated that calcium does not act alone in maintain- 
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and then remained quiet in a condition of tone. Afterward, when the F 
excess of potassium was removed by washing the strip with 0.7 per ; 
cent sodium chloride, no contractions were developed but the tone 

spasm passed off. Dilute serum again established a rhythm after : 


a short latent period, and the rhythm appeared perfectly normal 
in character. From this it will be seen that excessive doses of po- 
tassium as well as of calcium salts do not produce a permanent 
poisonous effect on the ventricular strip when applied for short 
pt riods. 

In more dilute solutions, 7.¢., in solutions approximately normal 
to the blood (0.03 to 0.04 per cent), as determined by physiological 
reaction and by analyses reported for the blood of other animals, 
potassium chloride applied to a contracting strip produced quiescence 
after a few contractions which decreased rapidly in amplitude to 
complete disappearance. Tonic shortening also followed the use of 


this hypotonic solution. 


SODIUM, POTASSIUM, AND CALCIUM SALTS IN COMBINATION. 


Calcium chloride in isotonic solutions of sodium chloride If cal 
cium chloride, in an amount normal or subnormal to the blood, be 
added to isotonic solutions of sodium chloride, certain important 
results are obtained. This mixture of salts, applied to a fresh, 
unwashed heart strip, produces a serics of contractions after a very 
short latent period. The series resembles, in general features, the 


series of contractions given by a control strip in saline alone. But 


the rate is more rapid in the strip in sodium and calcium chloride 


solution, and the contractions are maximal from the first, while in 

the pure sodium chloride solution contractions are usually not maxi 
mal for some minutes after the series is inaugurated. The most 
characteristic effect of the calcium when added to sodium chloride 
solution is the prevention of perfect relaxation after each contraction. 
There is a strong rise of the base line instead of the gradual fall 
so characteristic of the sodium chloride series. If the amount of 
calcium chloride used on a fresh strip is large, say 0.04 per cent, the 
rise occurs very soon after the strip begins automatic contractions. 
The rise begins immediately on the application of the solution when 
applied to a strip that is quiet after a previous sodium chloride treat- 


ment. When a strip ceases to beat ina sodium and calcium ch 


ride mixture it ceases ina state of tone. If the amount of ca 
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is small, per cent, then the east 
slight. Calcium chloride in solutions of 
more than slightly revives a heart strip att ( t 
tract in a solution of sodium chloride alone 

Calcium chloride in isotonic solutions of dextrose al m « 
ride in amount normal to the blood, ¢ 6 per cent, 
isotonic solutions of dextrose to he Lt 3 
serum, or in serum diluted with s ! ( t t« 
series of rapid contractions, t etn \\ stre t 


When the dextrose alone 1s applied to t] heart st it } 


| 
a similar, though I rapid, ( t ctl | 
tionable, theretore, ist how much of th ibove effe 
dextrose and how much to calcium, a point w h requi 
investigation 
Calcium chloride in isotonic solutions of urea ( 
in isotonic solutions of urea produced no contractions the mus 
strip. Urea itself seems injurious to cardiac 1 
in isotonic strength, for even serum produces only 
recovery after its use. 
Potassium chloride in isotonic solutions of sodium chloride W 
a fresh muscle strip 1s immersed in a solution ot 
potassium cChioride im wotonic s S Ol so m ‘ 
11 ] 7 + 
no contractions at are developer Or, aeve 
] + ] +1 
tions are extremely minute, and make their appearance « 
lat ] + 
an extremely long latent period Phe contractions re 
eptional cases occur VeryVv irregular iv, al ine iS! ] 
tion of the height (one ninth in one experiment) of the cont t 
civen after a change to a solution of different « sit 
results are in sh irp contrast with 1e De } 
by sodium chloride alone, or by sodium ( m 
solution. Strips in solutions of sodium and potassium chloride 
almost always show an excessive loss of tone, a res ; 
site to that of strips In solutions of sodium at cal 
Solutions of sodium and potassium chloride have no etfe 
ing activity ina strip that has ceased to beat 1 ( ( 
alone 
] } ] ? vt 
Ringer?’ and his students have taken a pr , 
gations concerning the action of pota mM saits on the ! 
and on the heart They have shown that pot 
] + 1 


to the frog’s heart produce a slowing of thi 
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and ultimate cessation of the rhythm. Ringer was also the first to 


show the necessity of this salt in antagonizing the excessive stimu- 


lating effect of calcium salts. We will now turn to this phase of 


pplied to the terrapin heart strip 


the subject as aj 


Sodium, calcium, and potassium chlorides in isotonic solution. lhe 


] 


wonderful sustaining power of sodium, potassium, and calcium salts 


in solution was first pointed out by Ringer! in 1883. In the 
proportions used in his original formula the solution was shown 
to revive the frog’s heart, and to sustain it in rhythmic contraction 


for several hours. Ringer afterward substituted the tribasic phos 
paate for the calcium chloride; but, in so tar as t 
cular strip is concerned, I have obtained quite satisfactory results 
with the chloride. 


In my experiments [ have striven to secure a proportion among 


the above inorganic salts that would vive the effects on an isolated 
diac strip most nearly approaching that blood. facts 
irc 1 } } 11 ] ] 
uready pointed out by Ringer and his students, and by Howell and 
Cook sdb seem to indicate that if one could exactly imitate the com- 
position of the blood as regards the inorganic constituents, it would 
] + 
ind from the art Cl prepara nh of wmorganic salts in so tar as the 
+ 
strip Ss concerne 
By the t cCak m n soto ( SO 
] + + + + ¢ + 
te pl ylasma, an \ Ine mount otf potasstun 
was soon determined which ive fairly constant results Wit 11S 
solution resuits were obtained that closel iproximated the effects 
of a serum bath on tl Ventricular strip [he amounts ot e thre 
salts in this solution were: sodium chlorid f 7 per cent: cal- 
i 
cium chloride, 0.026 per cent; potassium chloride, o. O.O4 pel 
cent; a trace of sodium carbonate was sometimes added. his solu 
tion of the inorganic salts of blood will keep a heart strip alive and 
in condition to beat for a very long time, 72 hours and mor Che 
‘morcantc eniution docs not keen the strip in as wood condition 
inorgank lution d n keep the strip in as good condition as 


does blood or serum, but the parallelism between the two is very 


striking. The following experiment exhibits the close relation in 
the action of the above inorganic salt solution and of serum on ) 


tricular strips. 


Jan 2G, The pical third of the ventric was 


cut into thin strips which were suspended in heart tubes while stll satur d with 


\\ 


W 


~ 
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blood. Strip wa immersed in pur ru t | 
mixture (0.6 NaCl, Cal .O4 K t NasCO 

rum strip gay Lfew peat 
im ict i! tat 
wd irreguial tery | t\ \ 
t customary ri ot contract 
Phe strip in Ru \ tat 
only oce ynal sin contraction t\ | 
than one pet Att end of venty yours t { 
to a bath of 6 per cent 
contractions Was produced t (s¢ lis }). a 
tractions of thi I Wel Oo \ t 
t se ol strip rin saline, stil th ! ! 
In that the contractions rapidly de in am til t 
remamed qul ate. 
l i 
Phe follow example of th tion be 
tween the solution of ino 
\ cut into tl n tr r? 
lution NaCl, Cac... and 
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perfectly normal in character but very irregular in rate. ‘The rate averaged 
one to four per minute. Neither 4 nor ¢ contracted for thirty consecutive 
hours, but when moistened with sodium chloride solution both strips gave 


contractions that were complete and apparently normal in character. 


This experiment again demonstrates that solutions of inorganic 
salts, as well as serum, are able to keep the ventricular strip in 
good condition, and that they, like serum, will not necessar ily stimu- 
late the strip to rhythmic 
contractions. 

This experiment is also 


Important in its bearin 


on another experiment to 
be given presently, Ex- 
periment 42. The fact 
that one heart strip im- 
mersed in a given inor- 
ganic solution beats while 
another strip from the 
same heart does not beat 
when in air saturated with 
water vapor, and moistened 
only occasionally with the 
same inorganic solution, 
indicates some process 


more favorable to the de- 


velopment of contractions 


FIGURE 5. Experiment 42 4, February 14, 1898. jn the presence of the 
Vertical magnification 41; time trace marks 
- liquid bath. This cannot 
minutes. A ventricular strip from the apex of j : 
a terrapin’s heart, moist with Ringer's solution, be ascribed to any hinder- 
and contracting in a moist chamber. See pro- ing effect due to the pres- 
tocol of Experiment 42. This strip, at the end , i 
x ence of the air. In fact, 


of twenty-two hours’ suspension in air, and still 
“ one would expect the bet- 


moist with Ringer’s solution containing 


NaCl, 0.026 CaCl., and >’ KCI, contracted ter aération of the tissue 


only at tong giving Only CON” by air to fa 
tractions in the last two hours. When the strip ea 1 

with R cilitate the development of 
was moistened with Ringer’s solution, with the 


calcium chloride increased to 0.04%, the above contractions rather than to 


beautifuliv regular contractions began and con- delay contractions. This 
tinued for one hour fifty minutes without inter- eas “ck , 

sagt point is brought forward 
ruption. Rate,four per minute. Compare with 
Fic. 6 and emphasized at this 


\ | } 
O00 
| 


f 
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time; for if strips be first washed out in sodium « lutic 
then bathed for a tew m tes with Rinver’s s 

pended in air, they may becom« Last 

than strips kept in a constant bath of the sam« t 

The particular results to be « cted whi t 
tricle containing the normal amount of blood t 
of sodium, calcium and potassium ch] ‘ { 
experiments go, depend upon the relative proportions of the 
and potassium chlorides. If these salts are in the | t 
0.026 per cent calcium chlor per ce |] 

i few good contractions ivery slow a res rate 1 

If this ratio is chang Increasin the cak mi 

tie potass m then t ( tractions are incre 

(Figs. 5 and 6) But if the calcium is diminished or t pr ! 
increased, few contractions are developed, or none at all | 
ment 34d gave fifteen contractions in the first forty- hour 
solution used contained 0.6 per cent sodium chloride, « r/ 
cent calcium chloride, 0.04 per cent potassium chloride, an 

per cent sodium carbonate. 

If the muscle strip is cut from a heart pre ] rigate { 
saline, or from one that has been s ected to the influence of 
other artificial solution, the effect produced on the st » | Ix 
solution varies according to at least two factors: first the relative 
amounts of the cal » and potassium chlorides in the Rit 
solution, and second, the composition of the solution to which the 
strip has previously been submitted, together with the time the 
latter has acted 

Ringer’s solution following sodium chloride solution A vent 
lar strip treated with sodium chloride, 0.6 to 0.7 per cent, until it 
ceases to contract, is stimulated to a strong and revular scrics ¢ 
contractions when bathed in a suitable Ringer’s solution. 7] 
amplitude and general character of the contractions ot t re 
in this way can only be compared with the contractions ot 
revived by serum or by serum diluted with saline By 
the strips with Ringer's solution, in which the proportion « 
chloride is increased from time to time, strips may be kept b 
for sixty hours and more after the apparent exhaustion in 


in this way kept contracting for fil 


forty-two hours. 


chloride In one experiment, No. 42, three compat tri} ve 
ty-one and a half, ty-t 


effect 
fair 


8 RM. 


the 


and vecame 


ustrate 


Lo il 


in 


PM 


rhythm was estal 


increased 


ms 


Way 


is wel 


5 PM. 


xperime 


4PM. 


In another experi- 
ment, 33 a and d, 


strips immersed 


Ringer's solution 
contracted rhythmi 
cally and normally 
for twenty-seven 
hours, when the rec- 
ord was lost. After 
forty-two hours these 
strips were quiet, but 
apparently in good 
condition for  con- 
traction, as both 
strips were immedi- 
ately revived, and 
gave fine contrac- 
tions when changed 
to serum. The re- 
covery in both these 
strips in serum close- 
ly resembles the re 
covery ot contrac- 
tions in strips treated 
with sodium chloride, 


and then changed to 


covery due to the 
effects of the better 
combination of salts 
in the terrapin’s own 
serum. least, I 
am strongly inclined 
to believe that t 
revival in this case is 
due to the fact that 
serum contains. the 


conditions or sub- 


a 
( . Greene. 
= E + SS Rink 
>} 
— | =a 
p= 
+ ey Ve 
Ss nc Ringer S solution o1 
to extract of scrum. 
| = This suggests a re- 
6.0 
os & 
4 ~ = 
43 
3 
8S 5 
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stances most favorable to the complete using up ot 1% tile 
material still in the strip 
If the strip is changed trom sodium cl le to Ringer's iti 
while the contractions are small and re ot 
complete contractions Is Very prompt 


F maximal in a very few minutes, and the rate f 

ular for a time Afterward, however, tl 
very irregular, a result perfectly a t 
the same circumstances 

On the other hand, if the contraction we entire 
sodium chloride, and the muscle has remains n the solution trom 
one to several hours, 
and then is suddenly 
subjected to a bath of 
Ringer's solution, the 
result is quite differ- 
ent Un such cil 
cumstances the muscle 
is thrown into imme- 
qdiate 1, trom 
which it ecovers 
whil in the Ringer's 
solution Chis is ap 
cium. cffe For it Minutes 
Instead of the ordinary 

combination of salts im 
the Ringer's solution 
a solution containing 
a reduced amount. of 
calcium is first applied ; 
to the strip and the 
calcium gradually in- 
creased to the normal] 
amount, good contrac- 
tions are produced and fibril 

Muscle strips left in sodium chlorid lut 
ably mto sti ne contractur 
solution, whether they beat or not If { 1] 


shortening amounts to one 


| 


shortening previously produced in the same muscle during a normal 
contraction. If the saline strip is treated with a solution of sodium 


chloride and potassium chloride before the Ringer's solution is 
used, contracture is diminished and fibrillation delayed, though not 
necessarily avoided. 

In certain experiments normal Ringer's solution following sodium 


chloride solution produced an excellent recovery for a time, but 


later the strips went into a state of fibrillation. Perhaps it would 
be better to describe this state as one of incoobrdinated contrac- 
tions tollowed by fibrillation. Such strips while giving regular 


rhythm in two or three parts of the strip at the same time, and then 


y pass into fibrillation. 


In asingle example, a strip contracting in serum after repeate 
revivals trom sodium chloride solution eave much larver beats 
when changed trom serum to Ringer's solution (see Fig. 2 a). 
The height increased from 0.6 cm. to 1.05 cm Phe rate, which 
was irregular both before and after the change, was increased 
from an average of 0.3 to 2.8 per minute his effect followed 
at once, and is presumably due to the stimulating cffect of the 


Caiclum. 


Ringers solution following a solution of sodium and potassium 


+ + 
} 1? 


chloride. — A normal strip that has been kept from contracting by a 
solution of potassium in sodium chloride gives normal rhythmi 
contractions when the bath is changed to Ringer’s solution. It 


+ 


the amount of potassium chloride in the sodium and potassium 


solution has been great, say 0.04 to 0.05 per cent, the con 


called forth by the bath of Ringer's solution may be at a very slow 


rate, Or may appear in groups at a good rate, but with the groups 


separated by long periods of rest, during which the muscle remains 
in a perfectly relaxed state. Ringer's solution after a solution of 
sodium and potassium chloride is not followed by tone shortenin 
such as occurs after sodium chloride alone 

If a strip ina sodium and potassium chloride solution be 
ferred first toa Ringer's solution having a reduced amount ot cal- 
cium, and later the calcium be increased, no contractions are 
developed until the amount of calcium in the Ringer's solution is 


increased to at least the normal amount found in bloo« 
Of the strips which were transferred to a bath of ordinary 


Ringer’s solution after treatment with a solution of sodium and 


normal contractions in Ringer's solution suddenly show independent 


Nelalion 


} } 


potassium chloride, two developed full 1 t tions inf 
five to ten minutes, and after forty to sint tes ea t 
lated Presu y this re ] ‘ 
Stimulating cffect of t I \ 
the potassium until th ul time ffuse 
pletely Int the st 

EXTRACT OF THE EVAPORATED RESIDUI 5] 
due pulveriz ind extracted wit st 
extract was @vaporate to dryness ( 
( Ite to the origin lume of sc t 


Pict S. Krom t Mar 


m l 
1 ‘ 

only a very faint color change when tested for prot 
thoproteic test, and no proteid was detected \ 

Careful testing for sugar with Fehling’s fl 
precipitate This « Ktract was mpare Vit ( ! Vil IX 
solution im its” re in etl ( 


treatment The close similarity in th ( 


following protocol and the accompanying | 


lh { tint ] nt t 


each were reduced to of CM. and | n t. I row tra ed 


xf nt gO, Ma nts ' 
& 


from saline to Ringer’s solution (0.7¢; NaCl, 0.026% CaCl., 
Strip 6 was transferred to serum, and ¢ to an extract of the ilts trom the 
evaporated residue of serum. 

Strip a. So soon as Ringer's solution surrounded the strip, contractions 
began and continued at a regular rate but rapidly increased in height with 


each successive Contraction until in ten minutes they had increased from o.o4 


cm. to o.8 cm. The rate remained regular for twenty minutes, then became 
irregular for thirty minutes \fter fifty minutes the strip gave a series of very 
rapid contractions and then went into fibrillation, from which it did not 
recover. (| 

Strip 6, In serum ; was accidentally lost 

Strip c. ‘The extract of the salts of serum produced a rapid recovery of 
the amplitude, but not so rapid a recovery as that of strip @ in Ringer’s solu- 
tion. ‘The height increased in thirty mu lutes from 3 cm. to 0.9 « | 
rat ) t r was ne trom tour to ! ] ri 
ut \fter on ur In rum extract Luciani’s perio ppeares | 
W ten of th croups in forty min S In every group the conti 
began i slow 1 creased to a maximum 1 came slow » A 
pause of from thirty to sixty seconds interven etween each two of the 
SEVE cTroOuy | rate fo ving the groups was perfectly reg — two 
per n te for veral minutes \t t end of two ty-fis 
m the contractions suddenly « | entirely. W ex 1 of 
thi sin contractions t rem t n tr 
ferred to > r cent W 1 it gave t customary | 
] ( t serum extract ser Wel 1.02 cm | 
en i very m Ke that of a slightiy ad ted serum 

On the whole, the serum extract revived the strip ¢ more nor 
mally, that is, more like serum, than did Ringer's solution in the 
case of sti ip a. The after effects were also more like se rum, as 
shown in other serum) experiments. Another experiment with 
serum extract, on strip a of [:xp. 46, bears out this view. Serum 
extract was used on the strip when in fibrillation after long exhai 
tion, and at once produced increased activity \fter seventy min- 
utes the fibrillating strip relaxed suddenly, and began slow and 
irregular, yet apparently perfect contractions Phe relaxation was, 


however, only partial in this case. This was the only instance in 


all my experiments in which I obtained this type of recovery trom 


pure serum. 


fibrillation with anything 7777 
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ON THE WORK GIVEN OFF BY A CARDIAC STRIP AND THI 
SOURCE OF THE ENERGY OF CONTRACTION 


The amount of energy liberated by a heart strip | 
inorganic sait soiution Nas deen so great in many 
raise the question as to the source of the energy-g 
In Experiment 33 @ a tresh strip that had been bathed it 


per cent sodium chloride until no further beats were p! 


changed toa bath of Ringer's solution It almost immediate] 


contractions which were normal in general character, and 


and stronger than the largest contractions obtained from 
while in the sodium chloride bath The rate, however, was slow 
and irregular. The contractions of this strip in Ringe 
increased in height and improved in rate, and in twenty-seven 
hours gave 1670 gramcentimetres of work rhe record w t 
from the twenty-seventh till the forty-second hour, at the end 
which time the quict muscle was transferred to serum. This part 
record strongly suggests the view that the amount of energy d ] 
oped by the muscle strip is greater than can be accounted for |] 
the proteid constituents of the blood in the muscle lo test th 
question more thoroughly, Experiment 42, given in detail below, 
was tried. 

Experiment 42, February 14, 7898. A terrapin’s heart was washed free 
as possible of blood by continuous irrigation with 0.7 per cent sodium « aT 
solution. ‘The washing was facilitated by cutting the coronary vein 


gentle massage applied to the ventricle. Irrigation continued one hour 


the end of that time the ventricle was still giving feeble contractions. Thirty 
minutes were consumed in preparing, weighing, and suspending thr 


tricular strips. They were. therefore. bathed in 0.7 per cent solution of 


chloride an hour and thirty minutes. The strips in the heart tubes were next 


surrounded by a bath of Ringer’s solution 7° NaCl, o.02¢ CaCl) 
0.03 KCl) for thirty minutes, during which time strong contraction 
established in each strip. The Ringer’s solution was next drawn off, le 
the strips in moist air. They were occasionally moistened with a1 
tary bath or with drops of Ringer’s solution. The three strips were | 
thus in air fifty-one and a half, seventy-two and two thirds, and _ fifty iY 
respec tively. 

Strip a. This strip was kept moistened with Ringer’ ution, of the 
composition given above, for seventeen hours twenty-five minutes. ‘The cor 
tractions were comparatively rapid at first, about on ft total 1 f 


‘5 


The rate temporarily increased after each remoist 


{ 


for forty-five hours Phe contractions were apparent] 
the rate was fast or slow. I} record was lost fron 
tenth hour to fifteen minutes past the seventeenth 


At the end of this time strip @ was not contracting. 


usual Ringer's solution produced no contractions 


increased amounts of calcium chlori 


e was then ap] 


eight hours (the seventeenth to the twenty-fifth) t 


increased successively to 0.03, 0.04, 5, and 0.06 
solution contain ng O per Ce nt calcium chloride 


contract and continued to do so for twenty-six hour 
one remoistening. ‘The contractions, at first slow 


creased from forty the first hour (twenty-sixth of 


hundred and sixty-one the sixth hour (thirty-second of tl 


During the succeeding night the room  temperat 


and both rate and height of contractions were somew 


recovered again the next morning. 
The fortv-fifth hour fter suspension In r the 
decrease in amplitude, reaching a zero in six hours, t 


total time of activity in Ringer's solution of fifty-one 


eniny ol 


ide began with o.9g cm. actual shortening during a contrac 


lied to the 


per ce nt. 


the strip 
5 thirty m 
wa irre 


the expel 


The proportion of calcium chloride was again increased, but 
vere produced even with o.10 per cent 

A bath of horse’s serum applied to the strip at fifty-one and 
followed immediately by a series of contractions lasting for sixt 
rate began with five per minute, but varied greatly at different 
contractions were often quit coordinated In serum 
0.35 cm. at first, about one third that of the nor contract 
but decreased to zero in sixteen hours, z. ¢e., the sixtv-seventh 
periment. Minute contractions, 2 cm., were still obtained | 
at the seventy-fourth hour. 

Strip This strip was continued in air for seventy-one | 
first ten hours the record had all the ceneral features of @, 
contractions were at a some what lower and more irregular 
higher Luciani’s groups with well-marked “ stair-cas« oct 
ninth to the twenty-second hour.- Only sixteen contractions 
the twentieth to the twenty-second hour of suspension in air 
tion with the calcium chloride increased to 0.04 per cent was 


strip at the twenty-sec 1 hour, and was immediately followed by tall, r 


eight ho 
icv to er 
the try 
tion, 
wove 
mpi W 
I 
n | 
Ispension 
ten W 
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n chior 

With R 
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nut Wit 
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+ 
vere 
rom 
the 
lar 


contractions occurring during the first seven hours During this first | 
of suspension the rate slowly decreased, so that at the end of 
strip was beating with an irregular rhythm and with a tende1 
it steadily increased to 1.38 cm. in twenty-six hours 3 it remaine 
always « 
hour of si 
§$Ringer’s solution 
| 
eure decreased to 4° C. 
ee hat reduced, but both 
itractions beg slow to 
rtv minutes, z. ¢., after a 
ee hours and thirty minutes. 
no contractions 
tL hnall hours was 
n hours. ‘T] 
} ¢] 
Ait i Vl \* 
vy diluted serum 
oul kor 
except that 
rate and 
urred from 
occurred { 
14 
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( PTAC i I 
abruptly After a tt t t\ 
W 1 al | Ot Wl 
Immediately Lucia 7 red, wit | 
‘ 
roups became mor more ft t.al 
in irregular rhythm which ¢ nt 
the n tthe rate and height wer ! t 
In Lhe calcium ¢ ride v t | 
pel cent, and at t t 
minut bath. The onlys ctw 
hitieth pen it t 
twel\ irs from cm. to ze! t | 
contain and nt cal ch 
contractions of ¢ 1 rat tonly an ! t { 
table below). At ntyv-two hours st! electr 
> cm. to re ! | 
2 
therefore. d to caus imp) 
Mice, cal Lilt il ( 
Strip ce ‘I strip in air contracted ray forat but 
) ] 
slower during twenty-four rs. forty-f P 
nent. Wetting t t with R t m 
adect (| trom ( tt t t\ t rt t 
} cht of t ty tio ‘ 
tractiol wer t lor ae 4 
only 0.15 cm. high. No strong t 
[ have made the amount of wo thi 
ventricular m while contracti { 
| organic dict the b Sota ries of Jat r to. 
tne results 1n a Way 1} 1d ( 
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Time of 
suspension 
in air 


7-8 
8-9 (12 P. 
9-10 

10-10} 

17}-18 

18-19 

19-20 


20-21 (12 M.) 
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Tabulated results of Experimen 


Mean height of c« , 
Work done du 
Number of 


| 
| 


ening of the muscle 


ntimetr gramcentimetres. 
in cen ietres 


Record lost for six hours, forty-five minutes 


TABLE IV. 
2, and 
contractions hour = actual short- 
hour a b c a b. c a. b. e. 
0-1 | $12 305 +40 0.90 1.30 1.00 461] 396 +40 ‘ 
1-2 | S64 265 $20 0.90 1.40 1.02 508 371 430 
2-3 |! +40 200 280 0.96 1.47 bay 422 294 330 
3-4 394 166 343 1.00 1.50 1.20 394 2922 I 
+—5 | 261 115 244 1.12 1.50 1.20 292 173 293 
5-6 220 $2 235 1.12 1.50 1.30 246 123 305 
6-7 |} 150 116 233 1.10 1.55 1.30 165 180 303 
145 127 190 1.10 1.57 1.30 160 200 247 
M.) 98 44 114 1.15 1.57 1.37 113 69 157 
100 64 26: | 255 1.60 1.40 115 102 154 
17 21 58 1.16 1.60 1.38 20 34 80 
10 93 $5 1.20 1.62 1.40 12 15] 71 
0 87 $5 0 1.62 1.40 0 141 119 
0 95 82 0 1.62 1.40 0 154 115 
18 9 S2 1.30 1.50 1.42 23 13 117 
21-22 | 22 7 St | 130 150 140 2 Us 
22-23 | 7 165 60 132 1.57 1.32 9 20 80 
23-2+ 0 190 33 0 1.59 1.22 0 300 +0 
24-25 3 44 1.30 1.59 1.20 + 70 25 
25-26 | 40 40 20 1.38 1.57 1.10 55 63 2? 
26-27 | 45 16 32 | 138 158 1.05 62 2 34 
27-28 110 34 35 1.38 1.57 = 0.95 152 54 33 
28-29 115 98 78 1.35 1.58 0.87 155 154 68 
29-30 138 50 129 1.33 1.57 0.70 183 79 90 
30-31 161 60 $5 1.28 1.58 0.69 205 95 3] 
31-32 120 67 56 1.28 1.50 0.65 | 153 100 36 
32-33 (12 P.M.) SO 64 18 1.22 1.45 0.60 98 93 1] 
33-34 59 38 20 1.20 1.38 0.50 71 §2 10 
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rABLE IV 
Vis Num of 
ult r hour 
5 
hour t t 
6-37 ) 7 ) 
1? } + ] 
16-47 ) 
) ( ( 
1-53 O70 
52 ( 
6-57 (12 1 
57-55 | | 
} 
( 
} ( 4 
| 
4 
{,? 
The strips of muscle were weigh carerully ( re 
| suspendin th m, and ilso it the ea t the treatment wit ] 
ganic salts. At each weighit the m ture Ww remove carly 
b 
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as possible to the same extent by draining on glazed porcelain or 
on glass. The strips were then weighed between watch crystals 
The results of all experiments where double weighings were made 
show a loss of weight. This fact is of significance, although I have 
not made a sufficient number of experiments for quantitative esti- 


mates from this standpoint. 


We 


Wei 
treatme 
with Ki 


solution 


0.196 grat 


The figures in this table, which express the weights before the use 


of Ringer’s solution, are of the greatest importance for the present 
consideration. The three st ips used gave respec tive 
and 4061 gramcentimetres of recorded work. If this work be con- 


verted into its heat equivalent it may then be con pared with the heat 


equivalents of the possible sources of energy-giving material. One 
cramcentimetre of work equ ils Q8O ergs, one calorie equals 4.2Xx It y 
ergs; one gramcentimetre therefore equals 0.000024 calories. 


The total heat of oxidation of one gram of proteid and of one gram 


of cane-sugar varies according to the determinations of different in- 


vestigators. Stohman gives for beef (fat free) 5641, for urea 2465 


and tor cane sugar 395 ) calories respectively. Danilewsky cives 
for fibrin §772, urea 2537, and for cane-sugar 4176 calories Rubner 


gives for muscle extracted with water 5778, and for urea 2523 calor- 
ies. If the oxidation equivalent of the urea formed asa result of the 
metabolism of one gram of proteid, 7.¢., one third of a gram of urea, 
is deducted, it may be assumed that, in round numbers, the average 
oxidation energy of one gram of proteid or one gram of sugar avail- 
able for muscular metabolism is 4890 calories for proteid, or 4000 
calories for carbohydrate. 


lhe amount of work recorded by the three strips is the equivalent 


of the oxidation of 0.006 0233, O.0000235, and O.O0000193 grams ot 


TABLE 
M@eicht of muscle strips at t beginnit ind end of treatment with Ringer’s solution 
efor Weight after rime of 
of tl 
nt treatment suspensi 
er’s with Ringer’s in RKinger’s Lo 
experim t } 
lution solution 
12a 0.321 grams 51% hour 0.12 ums 
IS3 0.231 ‘ 72 O.045? ‘ 
}? 0340 0.232 30 0.10 
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proteid or of 0.000 267, ( 2 im fca 
respectively. Phese amounts represent the idat 
if all the en rey appears as Work, wherea tis well | I I 
a small fraction of the total energy of met 
work. Gaule,* 1878, computed that, at least, not less t t 
cent of the energy of contraction in the fro eart 1 
as work. The well-known experiments ot lick { 
muscles show that under the most favora t t 
cent may be regarded as a maximum yield in work In the 
strip, it must be remembered that many of t fibre re 1 
so that their contractions are lost, while others 1 y t 
tractions oppose those which exert irect pull on the ( It 
therefore, a liberal estimate to assume that fitteen p t of 
energy of oxidation may take the form of cont 
ot t \ ] r «ct 1). il t] it not mor ntw | 
ten per cent of the total energy, is re n the recor Phe 
facts are arranged for comparison in the tollowing tabl 
rABLE VI 
++ 
t i 
4 +f 4 4 
The average amount of scrum-albumin in the serum of 
cies of terrapin during the winter season, etermin yi 
in 1884, is 69g per cent If the « ‘rey ol Ul rt 
plied by the metabolism of serum-albur s Kronecl 
amount of blood required to supply tl ay SSary 1 
of the three strips mentioned above must have been, 1 
11.5, 13.1. and 9 per cent of their initial weights. But the per t 
ase of blood in the entire body (determined upon mammal] 
7.7 per cent, a large proportion of wl ich is cont t t 
vessels. The percentages exhibited in the foll ie 
the question to an absurdity in so far as c hleri m-albur 
’ 


120 C. W. Greene. 


as the source of the motor energy of the washed strips of the terra- 


pin’s heart is concerned. 


TABLE VII. 


0.000233 grams 0 03358 grams 


> 


O OOO]93 


‘he amount of paraglobulin in the 
according to Howell, comparatively large, 4.66 grams per 100 c.< 
The equivalent of the above work may be expressed in terms of 


paraglobulin (Table VIII. ). 


rABLE VIII 


00050 crams 0.321 grams 
424 | 4958 0.000235 0.0050 0.283 ] 


O.000L935 0 O04 ‘ 0.340 “6 1.2 


When it is remembered that the heart was irrigated with 0.7 pet 


cent sodium chloride solution for one hour, and that the washin 
was facilitated by the contractions of the ventricle and by massage 
during this time, then the possibility of there being even this per- 
centage of blood left in the capillaries or in the meshes of the 
tissues seems improbable. 


The percentage of sugar in systemic blood varies from 0.1 per cent 


to 0.15 per cent. On this basis it would be utterly impossible to 


| 
Proportion 
Weight of of serum in 
Number Worl it serum neces Initial t mus 
f meta iry to supply we t of 
x] ment f serum- the serum t mu t t 
Jumin of ubumin t 
12a 1915 gr.cm 2) l 
}? 106] 
P tion 
Equivalent Weight of of serum 
Number Worl the serum neces Initial the mus 
ft =I ; - m m iry to supply weicht of strips 1 
eX] ment f t ira the mus cessary t 
elobulin lobulin sup] 
para ] 
$2 | 4061 
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account for the work, assuming that the energy came from. the 

consumption of sugar furnished the serum still left t 1 
The more rational view applicable to this « is that t 

has stored materia 1 its cells, | that the contract t 


1 
isolated ventricular s S are at ( ( © Or th ! 
] + ] ++ ] + + 
Voluntary Muscles are \ 
. 
Col ractile m il. Wi ( 
} ] 1 ¢ ) 
be dene to liac muscle 
ne a SCCM S Cl ( 
The a t of wo) ‘ 
hroughou IS ] ! a th os, 
Was Kept uniltori \ Oral Ith i] ti 
riments 
r 
STION OF HIEART \ 
| Word exhaus ( 
to express ma different states \t tl | ent 7 t 
iO] er CMplove \ Ol Spccl tine ( 
ip Bet re 1tS Us t 
Ing ft sketch, briefly, its use in the Cl ure ¢ ( ect 
] + ] + + 
In 1874 Kronecker and Stirling’ found that a f1 
vith per cent Si ium ¢ ns 
COULE be made to eal waln OnLy O tl 
li Ca serum Wey ( 1¢ 
ments they were ed the conclus t t the ] ' 
tions used eria 1] ( ( tine 
to the view proposed V Wroneckel nad otirin 
frog’s heart is exhausts In sodium rice 
mater i] of the nec sary to ea Cont? 1 
In +} tio) tanclit + } | ] 


i 
Popoff,!2 1887. and White," 18096 
In S75 G ( showed thai a ( t wh ‘ . 
/ 
chloride could be made to contract for several ! ' 


| 
| 
| 


I22 W. Greene. 


tion of alkali-saline, and that in this latter solution it gave off as 
many as one thousand contractions. This remarkable result can be 


explained, he says, only on the supposition that the muscle of t] 


1 


heart has the antecedent material which it uses in contractions 
stored up in its substance When a heart will no longer beat in 
renewed alkaline sodium chloride solution, according to Gaule, it 
can be revived only by feeding it with blood. Apparently, accord 


ine to his view, a heart is exhausted when its store of contractile 
material is used up. 

In 1882 Martius,® working under the direction of Kronecker, 
ved the beneficial effect of alkali-saline not to a more complete 
utilization of stored material in the heart cells, as Gaule supposed, 
but to the fact that the alkali, by combining with carbon dioxide, 


prevented asphyxiation of the contractile tissue, and thus permitt 


a more complete utilization of the remnants ot 
interstices of the heart. Only when this material is used up isa 
heart truly exhausted. Martius stated that such a heart could be 
revived only by the use of substances like blood, serum, lymph, 
2 substances containing serum-albumin, and he concluded that 
serum-albumin was the particular element in the blood used | ( 
cardiac muscle in contraction 

In 1883 and 1885 Ringer!’ gave i new interpretation to the term 


exhaustion,” when he said ‘‘calcium salts are necessary for th 


proper contractions of the heart, yet they must be antagonized \ 
potassium salts According to this idea, a heart fails t { t 
in sodium chloride or in alkali-sal ne, because it is not suppl 
With the necessary CalclumMm ana potasslum saits Ringer SI 
point was still further emphasized by Howell and Cooke” in 18 
who showed th hearts that had ceased to beat after abundant irri- 
ition with saline or IKal1-Saline could be rey ed n kept 
rmal contractions for long periods when su ed wit inger's 
solution or with extracts of milk, b oO tric lice. that 
contained only traces of proteid. 


17 
Was compelled to take refuge in an hypothesis whi it- 
tempts to overthrow the most painstaking work by one word 
This hyvothesi that the heart 

his Hypothesis assumes that the heart may beat on infinitesimal, 


ind, one may add, indetectible quantities of serum-albumin, and 


that it is almost if not quite impossible to completely remove ail 


+ 11 lines 17 } 1 
traces of serum-albumin from the muscular spaces of the heart. 


| 
When 1806 White! wrote sunnort _af 
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hand, Kronecker's view, that exhaustion signifies a lack of sufficient 


free serum-albumin surrounding the muscle rt con- 


tractions, and, on the other, Gaules view, that exhaustion means a 


ick Of antecedent contractile material stored in the cardiac tissue. 


It seems to me it would be better to restrict the application Ol 
the term “exhaustion” to states of the cardiac tissue itself, and to 
designate in some other way all those conditions which imply the 
presence 01 absence of some substance or substances in the sur- 
rounding blood or artificial fluid. My own experiments are tull of 
examples that demonstrate the inefficiency of sodium chloride solu- 
tion to produce a true exhaustion in the ventricular strip. lime 
iuftter time the sodium chloride solution series has been almost 
exactly duplicated on the same strip after an intervening recovery, 
due to a bath of solutions of inorganic salts alone. It is admitted 
that an inorganic diet cannot serve directly as a source of energy 
My experiments give no convincing proof of the ability of the 
isolated muscle to use even the organic material of serum. In 
Ixperiment 42, given above, strips a, 6 and ¢ were made to con 


1.7 ] 11 
tract incompletely with serum after they could no longer be aroused 


by Ringer's solution; but 6 gave only the slightest movements 
when treated with serum, and in both a and ¢ the revival of contrac- 
+ 1 7 
tions due to serum treatment did not last as long as did the con- 
tractions ot 4, still moist with the inorganic salt solution It is 
ae 1 1 ] 
possibile, therelore that the serum effect on and vas «due 
tir ly ti + +} ] ] 
entirely to the more favorable relation of the inorganic salts, a1 
produced iy a more verfect exhaustion of the contractiie mate 
‘ ] + 1] +} + 
stored 1n the musci CClIS OL The SUr1ps. 
pa Cuial y pe Ol ayin out of the contractions en Ne 
+ , ] + ] 
strips in Experiment 42, quoted above, in which, after many hours, 
th imp contractions siowly steadily decreases to a 
‘ro trom which no good recovery can be obtained, has occurred si 
ften that it may be expected with confidence whenever musi 
strips of the terrap. s ventricle ire treated witn solut 
favorable to the development of continuous rhythmic contract ; 
In tact, i the very first experiment of this investigation, a heart 
strip, after seventy-two hours continuous contraction, ceased in the 
same way as strips @ and 6 ot the above experiment. The strip of 
this first experiment was st umber, nd 
Vas made to begin its sel ening it with 
] +1 
serum much diluted with o 


| 


This type of dying out of the contractions I take t 
using up of the organic contractile material in the musclk 
completeness of exhaustion in this sense depet 
the muscular strip is subjected to the most favorab] t 
inorganic salts of the blood, especially of the sodiur t 
and calcium salts. Whether or not the isolated st 
of being nourished, that is, of utilizing the stored energy of the 
organic constituents of the liquid in which it is immerss 4 
independent question. 

SUMMARY 
1. A bath of normal serum will not keep a strip from the apex of 


terrapin ventricle in contraction, although it keeps it in good ce 


tion for contraction for three or four days. By slightly increa 
the amount of calcium chloride in the serum regular contract 
may be produced 
2. An artificial mixture of sodium, potassium, and calcium salt 


in the proportions in which they exist in serum acts like serum, in 
that it does not produce a continuous series of rhythmic contra 
tions, but sustains the cardiac strip in good condition for contracti 
for at least three days. For the terrapin’s heart this proportion 
approximately 0.7 per cent sodium chloride, 0.026 per cent calciun 
chloride, and 0.03 per cent potassium ch 
3. Sodium chloride will produce and sustain contractions for a 


short time only, and the series of contractions presents the appear 


ance of fatigue. This appearance of fatigue indicates only the 
removal of the inorganic salts necessary to contraction, and is not 
an exhaustion of the contractile substance of the muscl 

4. Calcium salts in isotonic solutions of sodium chloride stin 


late the cardiac strip to increased rhythm and_ final permane! 
contracture. 

5. Potassium chloride in isotonic solutions of sodium chloride 
prevents contractions, and keeps the ventricular strip ina state of 
relaxation 

6. There is an optimum ratio of the potash, calcium, and sodium 
salts in isotonic solution most favorable to the development and 
maintenance of the contractions in the ventricular strip Ieor the 
apex of the ventricle of the terrapin this proportion is sodium chlo- 
ride 0.7 per cent, calcium chloride 0.04 or 0.0§ per cent, potassium 
with blood 


chloride 0.03 per cent, i the strip is fresh and filled 


mz: 
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. 

If the strip is from a heart that has been washed with 0.7 per cent 

sodium chloride, the proportion of salts given in conclusion 2, above, 
s the most favorable to the maintenance of contra 


rhythm in the spongy ventricular strip is rarely perfectly regular in 


| 


this solution. 

7 Complete exhaustion of the contractile substance in the heart 
of the winter terrapin is brought about by the use of inorganic salt 
solution only after thirty to seventy-two hours’ continuous rhythmic 
ictivity, or by seventy-two to one hundred hours’ suspension, if the 
ictivity has been slight 

8. Cane sugar and urea in isotonic solutions do not produce 
rhythmic contractions in the isolated strip. Dextrose in isotonic 
solution throws the strip into strong tone and may produce an im- 
pertect series of contractions. 
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